Elucidating the Impact of Biosolids-Derived Antimicrobials on Denitrifying Microbial Community Function and Structure in Agricultural Soil by Holzem, Ryan Michael
 Elucidating the Impact of Biosolids-Derived Antimicrobials on Denitrifying 
Microbial Community Function and Structure in Agricultural Soil 
by 
Ryan Michael Holzem 
Department of Civil and Environmental Engineering 
Duke University 
 
Date:_______________________ 
Approved: 
 
___________________________ 
Claudia Gunsch, Supervisor 
 
___________________________ 
Heather Stapleton 
 
___________________________ 
Rytas Vilgalys 
 
___________________________ 
Lingchong You 
 
___________________________ 
Francis de los Reyes III 
 
Dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor 
of Philosophy in the Department of 
Civil and Environmental Engineering in the Graduate School 
of Duke University 
 
2014 
 
 
 
  
ABSTRACT 
Elucidating the Impact of Biosolids-Derived Antimicrobials on Denitrifying 
Microbial Community Function and Structure in Agricultural Soil 
by 
Ryan Michael Holzem 
Department of Civil and Environmental Engineering 
Duke University 
 
Date:_______________________ 
Approved: 
 
___________________________ 
Claudia Gunsch, Supervisor 
 
___________________________ 
Heather Stapleton 
 
___________________________ 
Rytas Vilgalys 
 
___________________________ 
Lingchong You 
 
___________________________ 
Francis de los Reyes III 
 
An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of 
Civil and Environmental Engineering in the Graduate School of 
Duke University 
2014 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright by 
Ryan Michael Holzem 
2014 
 
  
iv 
Abstract 
More than 50% of wastewater biosolids are applied to agricultural fields as fertilizer in 
the U.S. This technique has been used for decades as a widely accepted beneficial 
reclamation method for biosolids, which meet the established regulatory levels for 
nutrients, metals, and pathogens. A major drawback to land application is the potential 
environmental release of non-regulated organic contaminants, which accumulate in 
biosolids during the wastewater treatment process. Recent studies have been performed 
to identify and quantify the presence of emerging contaminants in biosolids, and others 
have investigated the effects of compounds already identified as ‘priority pollutants’ 
and whose use is waning. However, there is limited research on the effect of emerging 
organic contaminants on soil microbial ecology and nutrient cycling. Because many of 
the compounds found in biosolids are specifically designed to elicit biological 
modifications (e.g., antimicrobials), there is a risk that these compounds will disrupt 
microbial soil functions, decrease soil productivity, and ultimately affect the long term 
viability of these ecosystems, resulting in unforeseen economic and social costs. 
Therefore, there is a clear need to characterize the effects of novel contaminants on soil 
health. 
 This dissertation was divided into three distinct parts examining the impacts of 
emerging organic contaminants on soil microbial ecology with increasing complexity to 
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better reflect environmental conditions. To assess the ecological impacts, the functional 
endpoint of denitrification was selected because it provides a vital indication of soil 
health. Denitrifying bacteria play a critical role in this process, and thus, were used as 
indicator organisms for determining contaminant ecotoxicological potential. 
Furthermore, antimicrobial agents (a.k.a., bactericides or biocides) were selected as 
model contaminants because they are designed specifically to deactivate 
microorganisms, are heavily used in the U.S with over $1 billion in yearly sales, and 
have been measured in biosolids. 
 Overall, the objectives of this dissertation were to: 1) develop a rapid, high-
throughput functional assay that measured denitrification inhibition for screening 
potential ecological impacts of biosolids-derived antimicrobial agents, 2) determine the 
potential effects of common and emerging biosolids-derived antimicrobial agents on 
denitrification by a model soil denitrifier, Paracoccus denitrificans PD1222, 3) examine the 
impacts of the most commonly used antimicrobial, triclosan (TCS), on wastewater 
treatment efficiency in bench scale sequencing batch reactors (SBRs) coupled with 
anaerobic digesters, 4) examine the impacts of biosolids aged and spiked with TCS on 
denitrification under simulated agricultural soil conditions, and 5) evaluate potential 
impacts of TCS in ‘traditional’ biosolids on denitrification in agricultural soil under field 
conditions. 
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The first phase of research pertaining to Objectives 1 and 2 examined the baseline 
interactions between biosolids-derived antimicrobial agents and soil microbial ecology. 
However, to isolate the effect of an individual contaminant from the myriad of 
contaminants found in biosolids, there was a need for developing a rapid, high-
throughput method to evaluate general ecotoxicity. In the first part of this dissertation, 
we developed a novel assay that measured denitrification inhibition in a model soil 
denitrifier, Paracoccus denitrificans Pd1222. Two common (TCS and triclocarban) and four 
emerging (2,4,5 trichlorophenol, 2-benzyl-4-chlorophenol, 2-chloro-4-phenylphenol, and 
bis(5-chloro-2-hydroxyphenyl)methane) antimicrobial agents found in biosolids were 
analyzed as model contaminants. Overall, the assay was reproducible and measured 
impacts on denitrification over three orders of magnitude exposure. The lowest 
observable adverse effect concentrations (LOAECs) were 1.04 μM for TCS, 3.17 μM for 
triclocarban, 0.372 μM for bis-(5-chloro-2-hydroxyphenyl)methane, 4.89 μM for 2-chloro-
4-phenyl phenol, 45.7 μM for 2-benzyl-4-chorophenol, and 50.6 μM for 2,4,5-
trichlorophenol. Compared with gene expression and cell viability based methods, the 
denitrification assay was more sensitive and resulted in lower LOAECs. Of the six 
compounds examined, four resulted in LOAECs that were below or within an order of 
magnitude of concentrations that were measured in the environment, indicating 
potential ecological impacts. 
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In the second part of the dissertation, the impacts of emerging contaminants 
were examined first under laboratory conditions mimicking wastewater treatment 
processes (Objective 3) and then agricultural fields (Objective 4). For this phase, TCS, 
which is the most widely used antimicrobial agent and identified in the first phase for 
potential ecological impacts, was used as the model contaminant. To mimic wastewater 
treatment processes, bench scale SBRs coupled with anaerobic digesters were set up and 
operated. The SBRS and digesters were seeded with activated and anaerobically 
digested sludge from the North Durham Water Reclamation Facility (NDWRF, Durham, 
NC). Reactors were fed synthetic wastewater with or without 0.73 μM of TCS. Samples 
were taken periodically to monitor chemical oxygen demand (COD), ammonium (NH4+), 
nitrate (NO3-), nitrite (NO2-), total suspended solids (TSS), volatile suspended solids 
(VSS), dissolved oxygen (DO), and phosphate (PO43-)  and pH. In addition, biomass 
samples were collected for DNA extraction and microbial community analysis using 
terminal restriction fragment length polymorphism (T-RFLP) of 16S SSU rDNA. 
Methane production was also monitored for the anaerobic digesters. In addition, the 
final digested biosolids that were generated from the SBRs fed with and without TCS 
were analyzed for TCS concentration, TSS, VSS, TKN, phosphorus (as P2O5), potassium 
(as K2O), and pH. Overall, biological processes associated with nitrogen removal 
(nitrification and denitrification), were impacted by TCS entering the SBRs regardless of 
the starting microbial community. Both of the SBRs that were not receiving TCS reached 
  
viii 
steady-state at greater than 92% NH4+, removal within the first week of operation, 
whereas the SBRs receiving TCS took 42 and 63 days to reach steady-state removal at 
that level. However, while NH4+ removal was temporarily inhibited, elevated levels of 
NO3-and NO2- in the effluent of the TCS fed SBRs, suggested longer-term impacts on 
nitrite oxidizing bacteria (NOB) and denitrifiers. After Day 58, the NO3- effluent 
concentration for the SBRs receiving TCS was 3.9 ± 0.16 mg/L, which was 2.4 times 
greater than the NO3- effluent of the SBRs not receiving TCS (1.7 ± 0.08 mg/L). Similarly, 
after Day 58, the NO2- effluent of the SBRs receiving TCS reached a steady-state 
concentration of 8.7 ± 0.75 mg/L. The mean NO2- concentration in the controls after Day 
58 was 7.7 times lower at 1.1 ± 0.78 mg/L, but was still trending towards 0 when the 
reactors were stopped. No inhibition was observed for COD and PO43- removal. In 
addition, non-metric multidimensional scaling (NMS) ordination analysis showed that 
the microbial communities between SBRS fed with and without TCS were similar on 
Day 0, but increased in difference to Day 41, around when the major changes in 
nitrification were observed. After a slight increase in similarity between the control and 
TCS SBR microbial communities on Day 41, the communities increased in difference to 
Day 63. 
To mimic agricultural field conditions, containers of soil were amended with the 
biosolids generated from the SBRs. The containers were maintained in a growth-
chamber to simulate field lighting and watering conditions. Three biosolids treatments 
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were examined: 1) biosolids generated from the SBRs not fed TCS, but that still had low 
backgrounds of TCS (a.k.a., Control Biosolids); 2) biosolids generated from the SBRs fed 
with TCS (a.k.a., Aged TCS Biosolids); and 3) biosolids that were generated by the SBRs 
not fed TCS, but spiked with TCS 24 h before application (a.k.a., Spiked TCS Biosolids). 
Alfalfa was planted in half of the containers receiving the Control and Aged TCS 
Biosolids to assess differences due to vegetation. To assess the overall ecotoxicity of 
biosolids aged and spiked with TCS, the function, abundance, and diversity of the soil 
denitrifying communities were examined. The impacts on total bacteria abundance and 
diversity were also examined for comparison. Specifically, the denitrifying enzyme 
activity (DEA) assay was used to measure functional impacts, quantitative polymerase 
chain reaction (qPCR) was used to measure impacts on abundance, and T-RFLP was 
used to measure impacts on diversity. Correlations between these methods were also 
examined for possible interactions between denitrifier function and community 
structure and to provide insight into targets of inhibition. Lastly, a denitrification 
inhibition score was developed to quantify global impacts of TCS on denitrification. The 
containers with plants that received biosolids aged with and spiked with TCS showed 
potential long-term inhibition based on measurement of soil denitrification at 26.9 ± 4.6 
μg/kg and 68.6 ± 26.9 μg/kg of TCS, respectively. Denitrifier abundance and diversity, 
however, were more sensitive to TCS in biosolids and inhibition was observed 
throughout the experiment, with maximum inhibition on Days 7 and 28. Inhibition of 
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denitrifier abundance and diversity was observed at TCS concentrations as low as 17.9 ± 
1.93 μg/L, which was about 10 to 3000 times lower than concentrations reported by other 
studies that showed impacts on other functional endpoints (i.e., respiration, phosphatase 
activity, NO3- and NO2- production, and Cy17 stress biomarker abundance), even after 
taking pH into account. Five significant correlations were developed, three of which 
related qPCR and the DEA assay, or abundance and activity. However, the analyses that 
were correlated did not yield the same results as far as significant inhibition in the 
presence of TCS. Thus, while the results suggested some relatedness between activity, 
abundance, and diversity, the results generally support the use of multiple methods to 
determine the ecotoxicity of biosolids-derived organic contaminants. As a result, a 
denitrification inhibition score was developed that took into account all three methods 
to determine the overall ecotoxicity of TCS in biosolids. Overall, the denitrification 
inhibition score showed that denitrification was inhibited by both biosolids that were 
aged and spiked with TCS over the extent of the 84 day experiment, but maximum 
inhibition occurred after a week to about a month. While the denitrification inhibition 
score indicated that the TCS in the biosolids aged with TCS was less bioavailable than in 
the spiked biosolids, the impacts of the aged and spiked biosolids could have also been 
due to differences in TCS concentrations. 
Objective 5 consisted of a long-term soil sampling campaign on four agricultural 
fields receiving Class B municipal biosolids. Soil samples were taken before and after 
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biosolids application and were analyzed to elucidate potential impacts of TCS in the 
biosolids on denitrification. Again, to assess the overall impacts of TCS on the soil 
denitrifying community, the DEA assay, qPCR, and T-RFLP were used to measure 
impacts on function, abundance, and diversity, respectively. Similar to Objective 4, the 
analysis included an examination of potential correlations between denitrifying 
community structure and function, and quantification of global impacts using the 
denitrification inhibition score. As expected, the results in this pilot-study reflected the 
complexity of the system that was analyzed and many more samples, which account for 
variables including, but not limited to soil characteristics, biosolids characteristics, 
biosolids application rates, and chemical composition and quantities, would be needed 
to show any statistically significant differences. Nevertheless, several key results were 
obtained. Again potential long-term inhibition of denitrification was observed using the 
DEA assay, however the effects of exhaustion of resources, such as NO3-, or significant 
changes in the local environment were suspected, but could not be verified. Inhibition 
was also observed for denitrifier abundance, but little to no inhibition was observed 
when examining the relative number of denitrifying species. Thus, while the abundance 
of denitrifiers was reduced, and denitrification was eventually depressed, the number of 
species in the soil remained constant. When looking at the denitrification inhibition 
score, which took all three measurements into account, increased inhibition over time 
was observed with the exception of the measurements on Days 30 and 103, which 
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indicated overall, but weak inhibition of denitrification by the application of biosolids. 
NMS ordinations showed no correlation between the shift in denitrifying microbial 
community and TCS. Because of the complexity of the soil and biosolids and because of 
the myriad of contaminants likely in the biosolids, the results may not be significant and 
a more in-depth study was recommended. 
Overall, the results presented in this dissertation provide a systematic evaluation 
of the effects of biosolids-derived TCS on agricultural soil microbial ecology. First, it was 
demonstrated that statistically significant inhibition of denitrification could be used as a 
potential indicator of biosolids-derived emerging organic contaminant ecotoxicity. The 
denitrification assay that was developed was then used to analyze ecotoxicological 
potential of six emerging biosolids-derived antimicrobial agents, and found inhibition of 
denitrification at environmentally relevant concentrations. The most widely used 
antimicrobial agent, TCS, was further shown to inhibit wastewater treatment processes, 
as well as, denitrification in simulated agricultural conditions after being aged with and 
spiked into biosolids. In addition, evidence showing potential inhibition of 
denitrification by TCS in ‘traditional’ biosolids under field conditions was also obtained. 
Based on these results, this dissertation asserts that biosolids-derived emerging organic 
contaminants pose a potential risk to agricultural soil microbial ecology and overall soil 
health. Future studies, however, are needed to examine the impacts of other 
contaminants that might be flagged with the assay developed in this dissertation under 
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more complex conditions mimicking the environment. Furthermore, other research is 
needed to examine the role microbial communities play in the bioavailability of 
emerging contaminants, especially TCS, and a more extensive, in-depth study is needed 
to characterize the individual impacts of emerging contaminants on soil microbial 
communities under field conditions. 
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1. Motivation and Scope of Research  
The following section outlines the motivations and the scope of the research that was 
completed for my Ph.D. 
 
1.1 Introduction and Problem Definition 
Currently, land application of sewage sludge, also known as biosolids, accounts for 
approximately 50% of treated wastewater solid disposal in the United States (U.S.). 
Biosolids have traditionally been applied to agricultural fields in order to recover their 
macronutrients, primarily nitrogen and phosphorus, and as an alternative to 
incineration or land filling [1-3]. This technique has been used for decades as a widely 
accepted beneficial reclamation method for biosolids, which meet the established 
regulatory levels for nutrients, metals, and pathogens established under 40 CFR Part 503 
[4]. A major drawback to land application is the potential environmental release of non-
regulated organic contaminants, which accumulate in biosolids during the wastewater 
treatment process [2, 5]. In fact, a recent review found that more than 500 different 
organic chemicals have been identified in biosolids around the U.S. [6]. Recent research 
has been performed to identify and quantify the presence of emerging contaminants in 
biosolids. However, there is limited research available on the effect of these organic 
contaminants on soil microbial ecology and nutrient cycling. Because many of the 
compounds found in biosolids are specifically designed to elicit biological modifications 
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(e.g., antimicrobials) there is a risk that these compounds will disrupt ecologically 
important microbial soil functions, decrease soil productivity, and ultimately affect the 
long term viability of these ecosystems, resulting in unforeseen economic and social 
costs. Therefore, there is a clear need to characterize the effects of novel contaminants on 
soil health. 
The main objective of my Ph.D. was to determine the effects of biosolids-derived 
emerging organic contaminants on the microbial ecology and function of agricultural 
soil. To assess these impacts, the functional endpoint of denitrification was selected 
because it provides a vital indication of soil health. Denitrification consists of the 
stepwise reduction of the soluble nitrogen oxides, nitrate  (NO3-) and nitrite (NO2-), to 
nitrous oxide (N2O) and N2 [7]. Denitrifying bacteria play a critical role in this process, 
and thus, are ideal indicator organisms for determining contaminant ecotoxicological 
potential. Specifically, denitrifiers: 1) play a major role in both the nitrogen and carbon 
cycles, which are essential for microbial, soil, and plant health [8]; 2) are known to 
degrade synthetic fertilizers added to agricultural fields and produce a major portion of 
the greenhouse gas nitrous oxide (N2O) [9-13]; 3) are active in the amelioration of excess 
nitrogen fertilizer, which reduces the runoff load to streams after precipitation events 
[14]; and 4) are known to produce intermediates that may be toxic to the local ecosystem, 
such as NO2- and nitric oxide (NO) [7]. Because of the global implications of 
denitrification, a close examination of these organisms is essential in fully understanding 
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the impacts of the biosolids-derived emerging contaminants on soil microbial ecology. 
Any observable changes in denitrifying community activity and structure may reflect 
overall soil health and resilience. 
Previous studies have focused on compounds already identified as ‘priority 
pollutants’ and whose use is waning as a result [15]. One important class of biosolids-
derived emerging organic contaminants is antimicrobial agents (a.k.a., bactericides or 
biocides). These chemicals are of concern because they are designed to deactivate 
microorganisms, are heavily used in the U.S with over $1 billion in yearly sales [16], and 
have been measured in biosolids. The most common antimicrobials found in biosolids 
are triclosan (TCS), triclocarban, and the quaternary ammonium compounds (QACs), 
which are cationic surfactants sometimes used for their biocidal characteristics [17]. TCS 
and triclocarban have received the most attention because they are the most used, and as 
a result, have been found up to part per million concentrations in biosolids [6, 18]. 
QACs, on the other hand, despite having been measured in biosolids up to 103 mg/kg 
dry wt., are expected to be degraded in rapidly in the environment [17]. Other 
chlorinated phenols similar in structure to TCS have been found in biosolids at only 
parts per billion (ppb) concentrations, but are expected to increase in usage [6, 17]. Thus, 
a total of six contaminants were examined for this research; two commonly used 
antimicrobials, TCS and triclocarban, and four emerging antimicrobials; 2,4,5-
trichlorophenol, 2-Chloro-4-phenylphenol (chlorinated phenol), bis(5-chloro-2-
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hydroxyphenyl)methane and benzyl-4-chlorophenol [19, 20] [21-24]. Primary focus was 
given to TCS for the latter part of this dissertation because it is the most widely used. 
Overall, the six compounds cover a range of chemical properties, which indicated a 
range of potential environmental fates, such as the octanol-water coefficient (log Kow 
between 2.5 and 4.8) and water solubility (0.16 to 4,984 μM).  
Based on the research needs outlined, the specific research goals of my doctoral 
research were to: 
1) Develop a rapid, high-throughput functional assay that measures 
denitrification inhibition for screening potential ecological impacts of 
biosolids-derived organic contaminants, 
2) Determine the potential effects of common and emerging biosolids-derived 
antimicrobial agents on denitrification by a model soil denitrifier, Paracoccus 
denitrificans PD1222. 
3) Examine the impacts of the most commonly used antimicrobial, TCS, on 
wastewater treatment efficiency in bench scale sequencing batch reactors 
(SBRs) coupled with anaerobic digesters,  
4) Examine the impacts of biosolids aged and spiked with TCS on 
denitrification under simulated agricultural soil conditions, and  
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5) Evaluate potential impacts of TCS in biosolids on denitrification in 
agricultural soil under field conditions and assess whether a larger, more 
extensive study should be completed. 
 
1.2 Research Hypotheses and Approach 
The overarching hypothesis of this dissertation research was that biosolids-derived 
antimicrobial agents significantly affected agricultural soil microbial ecology. To test this 
hypothesis, the impacts of common and emerging antimicrobial agents on the 
community function and structure of soil denitrifiers were examined. Objective 1 and 2 
were completed concurrently and were carried out using batch reactors with pure 
cultures of the model soil denitrifier, Paracoccus denitrificans PD1222. Within these batch 
reactors, the model organism was exposed to increasing concentrations of the target 
antimicrobial agents, and then denitrification was monitored using a colorimetric 
method that measured the reduction of nitrite (NO2-) over time. Based on the observed 
inhibition, lowest observable effect concentrations (LOAECs) of the compounds were 
established. To validate the denitrification assay, two other methods (i.e., gene 
expression and cell viability assays) were tested on P. denitrificans PD1222. 
Objective 3 consisted of operating bench scale SBRs coupled with anaerobic 
digesters. The SBRS and digesters were seeded with sludge from the aeration basin and 
anaerobic digesters from the North Durham Water Reclamation Facility (NDWRF, 
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Durham, NC). Reactors were either fed synthetic wastewater (SWW) or SWW spiked 
with 0.73 μM TCS. Samples were taken periodically to monitor chemical oxygen (COD), 
ammonium (NH4+), nitrate (NO3-), NO2-, total suspended solids (TSS), volatile suspended 
solids (VSS), dissolved oxygen (DO), phosphate (PO43-) and pH. Biomass samples were 
also taken for DNA extraction and microbial community analysis using terminal 
restriction fragment length polymorphism (T-RFLP) of 16S SSU rDNA. Methane 
production was monitored for the anaerobic digesters. In addition, the digested 
biosolids generated from the SBRs fed SWW and SWW with TCS were analyzed for TCS 
concentration, TSS, VSS, Total Kjeldahl nitrogen (TKN), phosphorus (as P2O5), 
potassium (as K2O), and pH. 
Objective 4 was accomplished by amending containers of soil with the biosolids 
generated from Objective 3. The containers were maintained in a growth-chamber to 
mimic agricultural field conditions. Three biosolids treatments were examined: 1) 
biosolids generated from the SBRs fed with only SWW and as a result only had low 
backgrounds concentrations of TCS (a.k.a., Control Biosolids); 2) biosolids generated 
from the SBRs fed with SWW spiked with TCS (a.k.a., TCS Biosolids); and 3) biosolids 
that were generated by the SBRs fed with only SWW and spiked with TCS 24 h before 
application (a.k.a., Spiked TCS Biosolids). In addition, alfalfa was planted in half of the 
containers receiving the Control and TCS Biosolids to assess impacts of vegetation. To 
assess the overall ecotoxicity of biosolids aged and spiked with TCS, the function, 
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abundance, and diversity of the soil denitrifying communities were examined. The 
impacts on total bacteria abundance and diversity were also examined for comparison. 
Specifically, the denitrifying enzyme activity (DEA) assay was used to measure 
functional impacts, quantitative polymerase chain reaction (qPCR) was used to measure 
impacts on abundance, and T-RFLP was used to measure impacts on diversity. 
Correlations between these methods were also examined to examine any interactions 
between denitrifying function and community structure. Finally, a denitrification 
inhibition score was developed to quantify global impacts of TCS on denitrification.  
Objective 5 consisted of a long-term soil sampling campaign on four agricultural 
fields receiving Class B municipal biosolids. Soil samples were taken before and after 
biosolids application and were analyzed to evaluate potential impacts of TCS in the 
‘traditional’ biosolids on denitrification. Again, to assess the overall impacts of TCS on 
the soil denitrifying community, the DEA assay, qPCR, and T-RFLP were used to 
measure impacts on function, abundance, and diversity, respectively. Similar to 
objective 5, the analysis included an examination of potential correlations between 
denitrifying community structure and function, and quantification of global impacts 
using the denitrification inhibition score. 
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2. Background and Literature Review 
The following chapter briefly summarizes the current scientific literature regarding the 
general topics addressed in this dissertation. More detailed reviews specific to each 
objective can be found in the corresponding research chapters (Chapter 3 – 6). 
 
2.1 Wastewater Treatment 
One of the main purposes of wastewater treatment processes is to reduce the loads of 
pathogens and excess nutrients, which if released back into the environment, could 
result in adverse effects to human and environmental health. Wastewater treatment does 
not however efficiently remove all types of chemicals. Thus, even treated effluent water 
can be responsible for introducing pollutants into the environment. A recent survey by 
the United States Geological Survey (U.S.G.S) identified 95 different pharmaceutical, 
hormone, and other organic wastewater contaminants in over 139 U.S. streams across 30 
states. The prevalence of these compounds was further confirmed in a study conducted 
in 2002, when more than 80 compounds were detected in various aquatic environments 
around the country [25]. A majority of these were pharmaceuticals and anthropogenic 
chemicals that entered the environment through wastewater effluent discharge from 
residential homes, industries and medical facilities. Other compounds, however, 
particularly some of the more lipophilic, hydrophobic, and non-ionic compounds will 
not be discharged via the effluent, but instead will partition to the solids during the 
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wastewater treatment process. Then when these solids are applied as fertilizers to fields 
and forests the pollutants are introduced back into the environment through this route 
as well [17]. 
 
2.2 Biosolids 
Biosolids are the residual, solid material remaining after secondary water treatment, 
which is often dewatered and then processed into a soil-like material. Historically, 
biosolids were disposed of in landfills, dumped into the ocean, or incinerated [1]. 
However, incineration has become an expensive and publically unfavorable approach, 
and ocean dumping was banned in 1991. Until the ban, about 5% of U.S. sewage was 
being disposed of by ocean dumping [26]. Additional research showed that the land 
application of biosolids was also a beneficial way to recycle nutrients, improve soil 
properties, and increase fertility [17, 27, 28]. Thus, land application of biosolids has 
become more popular. In 1980, it was estimated that approximately 25% of the total 
sludge generated in the U.S. was applied to land [4]. The rate has now increased to 
greater than 50% [1]. 
Because of the new trend towards land application, more focus has been given to 
biosolids, especially to the contaminants that may be contained therein. A recent 
literature review identified 516 different organic chemicals in biosolids measured 
around the U.S. [6]. Of these, 83% were not on the U.S. Environmental Protection 
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Agency (EPA) established list of priority pollutants and target compounds. Thus, the 
authors of this study concluded that current and future studies only targeting 
compounds on the EPA lists would only detect a small fraction of the organic chemicals 
in sludge. Furthermore, a study showed that antimicrobial pharmaceuticals (e.g., 
fluoroquinolone and tylosin) sorbed to the biosolids can accumulate in the soil over time 
(a.k.a., terraccumulation) [29]. These and similar compounds were then found to be 
mobilized in the soil and transported to ground- or surface water sources [30]. This 
highlights a need to understand the release of these organic chemicals into the 
surrounding soils through biosolids application that may affect human and 
environmental health both directly and indirectly. In fact, a recent study found that 
biosolids effluent (presumably from land runoff after mobilization) resulted in DNA 
damage to fathead minnows in an adjacent stream, which the authors attributed to the 
high levels of organic contaminants (i.e., PAHs and PBDEs) in the biosolids [31]. If 
effects of these compounds are being observed in fathead minnows, other effects on 
other biota, including microorganisms in the soil of land-applied biosolids may also be 
of concern. 
 
2.3 Emerging Contaminants 
Current regulations (i.e., 40 CFR Part 503) that require periodic monitoring of biosolids 
land application are in place to reduce the risk of pathogen and metal exposure and 
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release into soils and the surrounding environment. However, there are no regulations 
on organic chemicals in biosolids, despite studies that have shown that some of the 
emerging contaminants found in biosolids are at levels that harm micro- and macro-
organisms in receiving soil [32]. Conversely, one study investigated organic contaminant 
risks from biosolids land applications in Canada and concluded that the mixing of 
biosolids with uncontaminated soils did not pose an environmental risk from organic 
substances such as chlorinated dioxins, furans, polychlorinated biphenyls (PCBs) and 
chlorinated pesticides [15]. However, this observation was most likely a result of 
regulations restricting the use of these chlorinated compounds, in which a decrease 
would be expected. Similar trends have been observed for other persistent organic 
pollutants (POPs), such as polycyclic aromatic hydrocarbons (PAHs) [33, 34]. However, 
there are new classes of emerging pollutants of concern that are increasing in 
concentration in biosolids and could have ecotoxicological impacts during land 
application. These compounds are commonly lipophilic, hydrophobic, and non-ionic, 
which make them particularly persistent and bioaccumulative, and pose a potential risk 
to the human food chain [6]. Specifically, these chemicals have the potential to affect 
food production by inhibiting crop growth or the processes important to crop growth or 
human health directly by bioaccumulating in crops that are consumed by humans and 
livestock [35-38]. These include chemicals that are primarily used as antimicrobial 
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agents. Each of these is briefly described below to show their environmental persistence 
and range of chemical characteristics. 
 
2.4 Antimicrobial Agents 
The use of antimicrobial agents has increased in recent years with 700 products already 
on the market back in 1992 and over $1 billion in yearly sales by 2000 [16]. Many of these 
products contain TCS or triclocarban [39]. Other compound, such as 2-Benzyl-4-
Chlorophenol, 2-Chloro-4-phenylphenol, and bis(5-chloro-2hydroxyphenyl)methane, 
which are similar in structural features to TCS, are also used for antimicrobial purposes. 
In addition to structure, these six compounds cover a range of log Kow values (2.5-4.8) 
and solubility values (0.16 to 4,984 μM), suggesting the compounds are persistent in the 
environment and bioaccumulative. A summary of the physical and chemical properties 
of the six target compounds can be seen in Table 1. Of the six compounds targeted, 2,4,5-
Trichlorophenol is the most soluble and least hydrophobic. Triclocarban and TCS, 
however, are the least soluble and most hydrophobic. Overall, several of these 
compounds have already been found in biosolids at concentrations that alone, or taken 
together, have negatively impacted micro and macro organisms in environments 
receiving the biosolids. The six target compounds are described in more detail below. 
TCS and triclocarban are described first, as there is substantial background literature on 
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these compounds. Little to no information for the remaining compounds could be 
found. Nevertheless, what was available is summarized in the following sections. 
 
2.4.1 Triclosan 
TCS also known as 5-chloro-2-(2,4-dichlorophenoxy) phenol is a broad range 
antibacterial and antifungal agent commonly used since 1972 in shampoos, soap, 
detergent and even in toothpaste to prevent gingivitis in the range of 0.1-0.3% (w/w) 
[40]. In addition, TCS can be further found in many other products including textiles, 
sportswear, bed clothes, shoes, and carpets at the same levels [41]. As a result, these 
domestic applications are likely the major sources of TCS, as well as, triclocarban, for 
wastewater treatment plants [42]. In fact, 95% of the TCS produced in the U.S. is used in 
personal care products (PCPs), which are disposed mainly by being washed down 
residential drains [43]. The Log Kow of TCS is 4.8, and the acid dissociation constant 
(pKa) is 7.9 (Table 1), suggesting that it is fairly bioaccumulative (non-ionized) under 
ambient conditions and partitions to solids in wastewater treatment [44]. TCS has a half-
life greater than 266 days in soil [45]. TCS also has a solubility of about 13.8 μM in water 
and phosphate buffer (pH 7.4, 30° C), respectively [46], which was verified in the lab. It 
has been measured at ppb levels in water samples [25, 47] and is of concern due to the 
potential to facilitate the evolution of antibiotic resistant strains of bacteria. Algae and 
snails in surface water have been shown to bioaccumulate TCS [48, 49]. TCS, and its 
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microbial metabolite methyl-TCS, have been identified in water and sediments adjacent 
to wastewater treatment plants (WWTPs) [22], and in biosolids collected from several 
different WWTPs with measured concentrations as high as 133 mg/kg dry weight [17, 
21, 23, 32, 50-53]. This led to the discovery that TCS was bioaccumulating in the tissue of 
earthworms found in agricultural soils receiving biosolids [32]. Numerous studies have 
measured TCS in biosolids, however, few have actually examined the concentrations of 
TCS in the soil following biosolids application. The studies that were conducted, 
reported a large range of TCS concentrations between 4.1 ng/kg to 1,840 g/kg and were 
dependent upon the source biosolids, the application rate of the biosolids, and soil 
mixing type (e.g., till vs. no till) and mixing depth [32, 54-56]. Another study determined 
that 79% of TCS entering a WWTP was biologically degraded, 15% sorbed to biosolids, 
and the remaining 6% was discharged directly to the receiving surface water [41]. Other 
studies reported higher partitioning to biosolids [51, 52]. Furthermore, TCS was found in 
59% of the 139 streams tested by the U.S.G.S [25] and many other receiving streams for 
wastewater treatment [57]. Overall, these data suggest significant loadings of TCS to the 
environment may occur during land application of biosolids. 
 
2.4.2 Triclocarban 
Table 1 shows the physical and chemical properties for triclocarban. Triclocarban is a 
topical antiseptic that is added to soaps, cosmetics, detergents, cleansing lotions, wipes, 
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and other PCPs for its germicidal properties. Because of its high log Kow, low solubility, 
and trichlorinated aromatic structure, triclocarban is persistent in the environment, with 
half-lives of 120 and 540 days in soil and sediment, respectively [57]. Triclocarban has been 
measured in water and wastewater up to 0.022 μM [57] and estimated in sediment and biosolids 
amended soil pore space up to 0.867 μM [51, 53, 54, 58, 59]. Triclocarban has been measured 
at levels of 2.17 to 51 mg kg-1 dry weight in digested municipal sludge [51, 54, 59]. Cha 
and Cupples (2009) found that triclocarban concentrations in soil increased over time 
after subsequent amendments of biosolids [54]. The EPA also found triclocarban in all of 
the 84 biosolids samples measured across the U.S. with a range of 0.187 to 441 mg kg-1 
dry weight [53]. 
 
2.4.3 2,4,5 Trichlorophenol 
2,4,5-trichlorophenol is an algaecide and microbiocide, is one of the more toxic 
chlorinated phenols, and is very persistent. It is often used as a fungicide in paper mills, 
as a herbicide, and as an intermediate in the manufacture of pesticides [60]. 2,4,5-
trichlorophenol has been shown to be acutely and chronically toxic to humans and has a 
reference dose, or daily oral exposure that is likely to be without harmful effects during 
a life time, of 0.1 mg/kg of body weight per day [60]. In addition, 2,4,5-trichlorophenol 
was shown to reduce cell yield in simulated wastewater treatment by approximately 
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50% through continuous addition of between 6.9 and 8.6 μM [61]. Several key physical 
and chemical properties are reported in Table 1. 
 
2.4.4 2-Benzyl-4-chlorophenol 
2-benzyl-4-chlorophenol, also known as chlorophene, is a bactericide and fungicide used 
in the preservation of cosmetics and has been identified as an emerging contaminant in 
biosolids [62, 63]. Physical and chemical properties important to the ultimate fate and 
transport of this compound can be found in Table 1. 2-benzyl-4-chlorophenol is also 
used as a disinfectant in liquid and solid soaps [64, 65]. Wastewater influent 
concentrations of 2-benzyl-4-chlorophenol have been found up to 0.89 μM with as low as 
10% remaining in the effluent [66]. Another study found much lower concentrations in 
the influent of wastewater treatment plant in Baltimore, MD of around 2.5E-3 μM. 
However, this was similar to the TCS concentrations at this plant and may represent an 
area with low loading of these compounds in general. Still nearly 73% of the influent 
compound in this study did not make it to the effluent, most likely due to 
biotransformation, although the authors did not take adsorption into account [24]. 
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2.4.5 2-Chloro-4-phenylphenol 
2-chloro-4-phenylphenol is a microbiocide [67]. Select physical and chemical properties 
can be found in Table 1. No information, however, could be found in the literature 
regarding the presence or abundance of this compound in the environment. 
 
2.4.6 Bis(5-chloro-2-hydroxyphenyl)methane 
Bis(5-chloro-2-hydroxyphenyl)methane, also called dichlorophene, is a microbiocide. 
Bis(5-chloro-2-hydroxyphenyl)methane was found in anaerobically digested sludge up to 
0.52 μM [20]. In addition, bis(5-chloro-2-hydroxyphenyl)methane has also been shown to 
be bioaccumulative and has been found in the tissue of fish exposed to waste water 
effluents [19]. Physical and chemical properties of bis(5-chloro-2-
hydroxyphenyl)methane can be found in Table 1. 
 
2.4.7 Inactivation Mechanisms 
The microbial inactivation mechanisms of these compounds are not well understood, 
with the exception of TCS, and to a lesser extent triclocarban. TCS inhibition has been 
thoroughly examined and at high concentrations is known to inhibit fatty-acid 
production, eventually leading to cell lysis [68, 69]. At low concentrations, TCS has been 
shown to have some impact on gene expression [70, 71]. Triclocarban, on the other hand, 
has not been fully characterized, but is suspected of adsorbing to the cell membrane and 
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compromising its permeability [72]. The inhibition mechanisms of the remaining 
compounds have not been analyzed to date, but are expected to be complex and consist 
of multiple targets [72]. 
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Table 1: Physical-chemical properties of target antimicrobial agents. 
Compound 
Name CAS 
Solubility 
(μM) 
log 
Kow pKa 
Molecular 
weight Structure[73] 
Triclosan 3380-34-5 13.8 4.8[46] 7.9[45] 289.54 
 
Triclocarban 101-20-2 
0.16[74], 
0.206[75], 
6.3-14.6[76], 
34.9[77] 
2.5-
4.2[74] 
12.7 [45] 315.59 
 
2,4,5-
trichloro-
phenol 
95-95-4 4,984[78] 3.6[79] 6.97[80] 197.45 
 
2-benzyl-4-
chloro-
phenol 
120-32-1 681[73] 
3.6-
4.2[73] 
- 218.68 
 
2-chloro-4-
phenyl-
phenol 
92-04-6 342-371[73] 3.92[73] 8.07[81] 204.65 
 
Bis(5-chloro-
2-hydroxy-
phenyl) 
methane 
97-23-4 111[73] 4.3[73] 9.92[82] 269.12 
 
 
2.5 Denitrification 
Denitrification, also known as dissimilatory nitrate reduction to ammonia (DNRA) or 
NO3- respiration, is the stepwise reduction of the soluble nitrogen oxides, NO3- and NO2-, 
to the dinitrogen gases, nitrous oxide (N2O) and N2. Denitrification is coupled with 
electron transport phosphyloration, and as mentioned, is a dissimilatory process, which 
means that the reduced nitrogen is not used by the cell [7]. A simplified schematic of the 
nitrogen cycle can be seen in Figure 1 [83]. Overall, denitrification is believed to be the 
largest of at least six different processes that reduce NO3-; others including nitrogen 
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assimilation, dissimilatory respiratory denitrification, dissimilatory NO3- reduction to 
NH4+,, non-respiratory denitrification, and chemodenitrification (not shown in Figure 1) 
[84]. Respiratory and non-respiratory denitrification make up biological denitrification, 
but being that respiratory denitrification is the dominant process, it is the only one 
discussed further. In general, the biological ability to denitrify is widely found in nature, 
including in soil, fresh and salt water, sediments, waste treatment systems, and animal 
gastrointestinal tracts, and appears to be ultimately only restricted by oxygen levels [7]. 
The focus of this research was on denitrification in agricultural settings. A previous 
research review examined typical denitrification rates in various types of soils and 
found that rates for agricultural soil have been reported between 0 and 239 kg N/ha.year, 
with the highest rates typically measured in irrigated, nitrogen-fertilized soils [85]. 
Barton et al., [85] calculated a mean rate of 13 kg N/ha.year for agricultural soils from a 
thorough literature review. For agricultural soils in particular, the literature has cited six 
main reasons why denitrification is important. 
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Figure 1: Simplified schematic of nitrogen cycle [83]. 
 
First, denitrification is incorporated into every domain of life and provides the 
preferred metabolic function in anaerobic environments, such as the conditions found 
just below the surface in agricultural soil. The denitrification process has been reported 
in more than 50 genera and more than 130 species. In addition, denitrifiers compose all 
three energy source classes, organotrophs (most popular), lithotrophs, and phototrophs. 
Within these classes, there are denitrifying representatives that are aerobic, 
oligocarbophilic, fermentative, halophilic, thermophilic, sporeformer, magnetotactic, N2 
fixing, pathogenic, hydrogen oxidizers, sulfur oxidizers, and ammonia reducers [7]. 
Several studies have shown that microorganisms capable of denitrification make up 
approximately 5% of the total soil microbial community, making it more abundant than 
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any of the other nitrogen cycle organisms [86, 87]. The robustness of this phylogeny is 
somewhat expected, however, because of the potentially high energy gained from 
denitrification. When paired with carbon oxidation, denitrification can yield a potential 
of about 1.2 V per reaction (exothermic) [88]. 
Denitrification also plays a major role in both the nitrogen and carbon cycles, 
which are essential for microbial, soil, and plant viability. Denitrification completes the 
global nitrogen cycle by supplying N2 to the atmosphere to be used by the nitrogen 
fixers, which is then subsequently made available to crops. Furthermore, denitrification 
is a catabolic process - the use of organic carbon as an electron donor will result in less 
complex molecules – affecting the use (as in the fate and transport) of carbon in the soil. 
Three of the reasons why denitrification is important in agricultural soil are tied 
together and are concerned with the advantages and disadvantages of converting NO3- 
and NO2- to the nitrogen gases. As an advantage, denitrification is active in the 
amelioration of excess nitrogen fertilizer, which reduces the runoff load to streams after 
precipitation events. If NO3-, and even NO2-, makes it into nearby streams, algal blooms 
may form, and eutrophication may occur. NO3- is of particular importance because it is a 
pollutant in groundwater and surface water, especially when the water is eventually 
used as drinking water. Levels above the EPA regulated 10 mg/L have been linked to 
“blue baby syndrome” [14]. 
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As a disadvantage, denitrification is known to degrade nitrogen fertilizers added 
to agricultural fields, resulting in both productivity and economic loses. Nitrogen is a 
vital nutrient for plants, and in fact, for all living things, as it is a component of amino 
acids, the building blocks of proteins, purines, and pyrimidines [8]. For plants, however, 
N2 gas in the atmosphere is much less available than ammonia (NH3), or even NO2- and 
NO3- in the soil. As a result, nitrogen, mostly as NO3- and NO2-, is the most limiting 
nutrient in crop production and denitrification has been linked to between 0 and 70% 
loss of NO3- and NO2- in fertilizers to the atmosphere in the form of N2O or N2 gases 
(typically in the range of 0 to 25%) [9, 10]. Fertilizer NO3- and NO2- losses generally 
increase with fertilization, which subsequently results in lower crop production. Under 
normal conditions, this corresponds to a denitrification rate range of 0 to 200 kg 
N/ha.year [11]. To compound this further, the reduction of the nitrogen fertilizers 
produces a major portion (70%) of the total global greenhouse gas emissions of N2O [10]. 
According to the Intergovernmental Panel on Climate Change (IPCC), N2O is about 300 
times more potent of a greenhouse gas than carbon dioxide and contributes around 6% 
of the anthropogenic greenhouse effect [12]. Making it worse, N2O is also directly 
involved with the depletion of the stratospheric ozone layer [13]. 
Lastly, denitrification can produce intermediates that may be toxic to the local 
ecosystem. The potentially toxic intermediates, NO2- and nitric oxide (NO) have been 
shown to negatively impact local ecosystems at high concentrations [7]. For example, 
 24 
NO2- has been shown to inhibit nodulation of rhizobia. Also, NO2- has been shown to 
react with secondary amines to produce the carcinogens, nitrosamines [7]. 
Overall, denitrification plays an important role in agricultural soils. The 
following sections will briefly cover the current scientific literature regarding the biology 
and ecology behind denitrification in agricultural soils. Also, because this research 
focused on denitrification in an agricultural environment, the following sections briefly 
cover the key factors that drive denitrification in these environments. 
 
2.5.1 Biology of Denitrification  
As alluded to earlier, denitrifying organisms are very diverse (i.e., Archaea, Bacteria, 
and Fungi), are typically heterotrophs, and are also facultative microorganisms, which 
under aerobic conditions use oxygen as an electron acceptor. Bacteria are generally 
believed to be the dominant denitrifying species in most environments, although with 
some controversy [89]. Fungi have been shown to be more abundant in grassland soils 
[90]. Nevertheless, this diversity, which makes it impossible to identify denitrifiers by 
taxonomy alone, is most likely due to horizontal gene transfer in evolution [91]. When 
oxygen levels decrease below about 10 μmol O2, denitrification enzymes begin to be 
synthesized and nitrogen becomes the preferred electron acceptor [92]. Under aerobic 
conditions, however, it appears that competition for carbon is the major determinant of 
denitrifier population density and composition. In addition to oxygen and carbon 
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availability, denitrification is further influenced by pH, natural growth limitations, 
temperature, electron acceptor availability, and predation, among others that will be 
discussed later. [89, 93]. Although denitrifiers are ubiquitous in most soils, these 
conditions determine which and when genes for denitrification are expressed. 
The overall enzymatic denitrification pathway can be seen in Figure 2 [94]. NO2- 
and NO reductase are membrane proteins and NO2- and N2O reductases are enzymes 
found in the periplasm [84]. NO3- reduction is associated with two enzymes nar 
(membrane-bound) and nap (periplasmic-bound), which have also been found in 
bacteria that do not denitrify. Thus, the genes narG and napA, which code for these 
enzymes, are not widely used to characterize denitrifying microorganisms [89]. NO2- 
reduction genes are the most widely used for denitrifier community studies because 
they catalyze the first step leading to gaseous nitrogen formation. Two NO2- reductases 
are known, a copper containing enzyme encoded by nirK and cytochrome cd1 encoded 
by nirS, but have different evolutionary origins. NO reductase contains a cytochrome bc 
complex and the lack of this enzyme appears to be lethal to the cell from the toxic 
accumulation of NO. NO reduction is also completed by two enzymes; one that receives 
electrons from cytochrome c (pseudoazurin), cnor, and the other that receives electrons 
from a quinol pool, qnor. Nor and qnor are responsible for the formation of the N-N 
bond, and because of this, these genes have received much focus in the literature [89]. 
Lastly, the gene nosZ codes for N2O reductase. Tiedje (1988) reported that most 
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denitrifiers isolated from nature have the entire pathway from NO3- to N2O [7, 95]. For 
example, Paracoccus denitrificans can complete all of the denitrification steps [14]. 
However, some denitrifying organisms do not synthesize all of the enzymes required in 
complete denitrification. For example, Wolinella succinogenes has been shown to lack the 
nitrite reductase step [95]. Thus, denitrification may become a community process [91]. 
 
 
Figure 2: Denitrification pathway. Nar, NO3- reductase; 
Nir, NO2- reductase; Nor, NO reductase; Nos, N2O 
reductase [94]. 
 
2.5.2 Ecology 
To understand denitrification in agricultural soils, it is important to understand what 
organisms complete the process and how communities of these organisms form. Myrold 
and Tiedje (1985) showed that denitrifying community structure was dependent on the 
aerobic competition for carbon [96] and not based on the capacity to denitrify. Another 
study showed that denitrifier population density decreases with increasing depth in soil 
[97]. However, Kennedy and Lawless (1985) found a chemotaxis response to NO3- and 
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NO2- concentrations greater than 10-3 M [98], so NO3- may also play an important role in 
determining the community structure. NO3-, however, only appears to be a determining 
force in denitrifying community structure in fertilized fields, where enough NO3- is 
available [99]. Soil denitrifying communities are further structured by pH, moisture 
content, and temperature [89]. Nevertheless, in agricultural soils Pseudomonas was 
shown to be the dominant species at between 75 and 98%, and Alcaligenes making up 
most of the remaining population [7, 100, 101]. 
Significant differences have been shown between community function and 
structure [102, 103]. Thus, it is important to examine both when determining the impact 
of any variable on denitrification. In a review completed by Eichner (1990), N2O 
emissions ranged from 0.2 to 42 kg N2O-N/ha.year [104]. Another research review 
examined typical denitrification rates in various types of soils and found that rates for 
agricultural soil have been reported between 0 and 239 kg N/ha.year with the highest 
rates typically measured in irrigated, nitrogen-fertilized soils [85]. Barton et al., [85] 
calculated a mean rate of 13 kg N/ha.year for agricultural soils. 
 
2.5.3 Factors Driving Soil Denitrification 
There are many factors that have been found in the literature that have impacts on 
denitrification in agricultural soils. It is important to understand these factors, so that 
denitrification can be optimized for beneficial agricultural purposes. Inhibition of 
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denitrification can be broken up into two main groups, proximate and distal factors. 
Proximate factors include oxygen levels, nitrogen and carbon availability, enzymatic 
kinetics, and growth rate. The distal factors include moisture conditions (i.e., rainfall, 
irrigation, and groundwater), seasonal changes (i.e., temperature), seasonal cycles (e.g., 
freezing/thawing, wetting/drying, etc.), soil texture, plants, organic matter, physical 
disruptions, and competition or excretions by other organisms [7, 10, 89]. The distal 
factors appear to guide the community structure over the long-term, whereas the 
proximate factors impact individual communities in real-time. Unfortunately, 
understanding the cause and effect of these variables on denitrification is not all that 
easy. A quick examination of the literature reveals an intricate, somewhat convoluted 
web of contradictory interactions that is in need of sorting out. This is especially true 
because many of the studies lack a complete characterization and accounting of all 
proximate and distal variables that may be impacting the results stated. The following 
paragraphs attempt to summarize the major trends of the findings. 
 
2.5.3.1 Proximate Factors 
The proximate factors seem to drive the real-time fluctuations in denitrifiers. The 
following sections will discuss the three major proximate factors that drive 
denitrification; oxygen levels, NO3- availability, and carbon availability. 
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2.5.3.1.1 Oxygen 
The most important driving factor for denitrification is the level of available oxygen. For 
the most part oxygen inhibits denitrification, although there are two known species have 
been shown to be microaerophilic (tolerant to small levels of oxygen), Aquaspirillum 
magnetotacticum and Nitrosomonas europeae (also denitrifies), which are presumed to need 
the oxygen for oxygenase reactions [7]. In most cases, oxygen represses enzyme 
synthesis and activity. NosZ is especially sensitive to oxygen, and as a result, exposure to 
oxygen causes differential production ratios of N2O and N2 [102]. Typically lower 
N2O/N2 ratios reflect lower redox conditions with greater availability of carbon, whereas 
higher ratios correspond to lower pHs, and the presence of oxygen [105, 106]. A 
previous review found that the threshold value of oxygen below which denitrification 
rapidly increases was in the range between 0.2 and 21 μM as O2. Due to measurement 
limitations and difficulties converting temperature, salt, and pressure dependent units 
reported in this study, however, the authors recommended that a safe estimate O2 
threshold is about 10 μM (stated earlier), although a lower concentration is probable [7]. 
The distal factors that alter oxygen levels also have a potentially substantial effect 
on denitrification. Rainfall and other moisture sources not only can carry oxygen, which 
inhibits denitrification, but also can decrease oxygen diffusion, which encourages 
denitrification. As a result, factors like soil texture and the plants evapotranspiration rate 
also influence denitrification. Plants can further stimulate respiration, which removes 
oxygen, but also can use water, subsequently drying and aerating the soil [107]. 
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Respiration, which is driven by carbon and sometimes water, is the major O2 removal 
mechanism [7]. 
 
2.5.3.1.2 Nitrate 
By definition, denitrification requires a nitrogen source (NO3- or NO2-) to proceed. The 
water content in soils, and the rate of production and use by other pathways determines 
the “native” NO3- supply. NO3- is primarily produced through nitrification and the NH3 
used in nitrification is produced through mineralization. In addition, NO3- assimilation, 
DNRA, and anaerobic NH4+, oxidation (anammox) use NO3- and could compete with 
denitrification. In agricultural soils, plant removal of NO3- has a significant impact on 
denitrification [7]. Typically, however, NO3- is usually supplemented in agricultural soils 
through organic and mineral fertilizers. 
 
2.5.3.1.3 Carbon 
Carbon is used as an electron donor in denitrification to reduce nitrate. Carbon, in its 
many forms, can play three roles in denitrification: 1) serves as an electron donor, 2) 
serves as a source of NO3-, 3) drives respiration (water helps), which reduces oxygen 
[10]. Thus, amount of available carbon is dependent on whether the environment is 
anaerobic or aerobic. In aerobic environments, the denitrifiers, which make up a small 
population of heterotrophs, proportionally consume a smaller percentage of the 
available carbon. Under anaerobic conditions, however, denitrifiers consume a greater 
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percentage of carbon because they will be more abundant. Denitrification still ceases 
under anaerobic conditions if the carbon resources become exhausted. Water, plants, 
physical disruptions, and competition are the distal factors that influence the amount of 
available carbon [7]. Water can stimulate metabolism in dry soil and serve as a transport 
media. Plants can release carbon exudates that stimulate respiration in the root zone. 
Physical disruptions like freezing and thawing and wetting and drying cycles, and 
cultivation and non-tilling free trapped carbon that was otherwise biologically 
unavailable. Lastly, competition with or excretion by other organisms also influences the 
amount of carbon available for denitrification [7]. 
 
2.5.3.2 Distal Factors 
The distal factors guide the community structure of the denitrifiers. The distal factors 
include moisture conditions (i.e., rainfall, irrigation, and groundwater), temperature 
(seasons), seasonal changes (freezing/thawing, wetting/drying, etc.), soil texture, plants, 
organic matter, physical disruptions, and competition or excretions by other organisms 
[7, 10, 89]. Of these, denitrification has been shown to have seasonal changes, with rates 
typically highest in the spring to fall months, especially during thawing periods [10]. 
Similarly, higher rates of denitrification were shown after drying-wetting cycles across 
several studies [10], and the longer the “wet” treatment, the higher the denitrification 
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[108]. However, the distal factors reported to have the most significant effects on 
denitrification are crop-type [11], fertilizer-type [11], and chemical application [10]. 
 
2.5.3.2.1 Crops 
Plants have many impacts on denitrification, depending mostly on how they impact the 
distal factors. Increased water consumption by plants increases the soil gas exchange 
and oxygen content [10]. Plants consume NO3- and water, but nitrate can also be formed 
in the root zone when root exudates are mineralized. NO3- can also become bioavailable 
when the plant dies and decomposes. Plants further release carbon in the form of 
mucilage (high molecular weight polysaccharides), exudates (low molecular weight 
compounds), and root cap cells, among others, which have also been shown through 
various studies to be correlated with denitrification [10]. Overall, the addition of plants 
was shown to result in a rhizosphere community shift [109, 110] and an increase in 
denitrifier abundance [111, 112]. This has led to hypotheses that denitrification is 
actually a selective advantage for microorganisms in the rhizosphere [113]. According to 
a review completed by Philippot et al. [10] denitrification rates also varied by crop type, 
with higher denitrification rates typically reported for larger root masses and legumes. 
The common hypothesis, although somewhat contested, is again that denitrification by 
the rhizobia were the cause of the increased rates. 
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2.5.3.2.2 Fertilizers 
As mentioned previously, denitrification serves as a sink for nitrogen fertilizers added to 
agricultural fields. This loss is substantial, making up between 0 and 70% of fertilizer 
loss, with the highest rates immediately after fertilizer addition [114]. In addition to 
supplying the source of nitrogen for denitrification, fertilization has been shown to affect 
denitrification in three main ways: 1) by changing the pH of the soil or local 
environment, 2) altering the amount and form of organic carbon (OC) that is available 
for microorganisms, and 3) altering the amount and form of nitrogen available for 
denitrification. Fertilization has also been shown to affect the ratio of N2O and N2 as the 
end product of denitrification and depends primarily on the type of fertilizer used; 
mineralized fertilizer or poultry waste (higher denitrification rates) versus organic, 
cattle, and pig waste (lower denitrification rates) [115]. 
Fertilizers can directly change the pH of the soil, which subsequently has an 
impact on denitrification. In general, denitrification tends to be higher in neutral 
conditions, and thus, is higher for alkaline versus acidic fertilizers. This impact also 
extends to community structure. Enwall et al. [116] showed that fertilizers with lower 
pH showed a shift in narG and nosZ community shifts, however no correlation between 
the pH and shift could be developed. Fertilizers also affect the carbon availability of the 
soil. Organic fertilizers tend to have higher denitrification rates because of the 
availability of more organic carbon [10]. However, this is sometimes offset by the 
availability of nitrogen posed by the fertilizer, as organic fertilizers also tend to sequester 
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nitrogen more than mineral fertilizers [10]. Several community analysis studies have 
obtained mixed results regarding the form of the nitrogen being applied. One study 
showed a shift in the denitrifying gene nirK based on increasing ammonium 
concentrations [117]. In contrast, another study completed by Deiglmayer et al. [118] 
found that the structure of the narG denitrifying community did not shift by varying the 
NO3- concentration. However, two different sources of nitrogen were used in these 
experiments and could account for the different community responses. Compounding 
the ability to elucidate the effects of fertilizer addition further, in a review, Philippot et 
al. [10] showed that denitrification was further affected by soil type, fertilizer type, 
fertilizer application rate, and sequence of applying different fertilizers. 
 
2.5.3.2.3 Pollutants 
Denitrifiers have been shown to be sensitive to heavy metals. Metals like arsenic, 
cadmium, chromium, copper, lead, silver, and zinc have all shown to inhibit 
denitrification activity and diversity [10]. Cadmium, copper, and zinc in particular, have 
been shown to affect nitrous oxide reduction, and thus, the levels of nitrous oxide 
present. Again, other factors such as pH, cation exchange capacity, and natural organic 
matter content can affect the availability of the heavy metal and ultimately the impact on 
denitrification [10]. 
As far as organic contaminants, many different classes of compounds have been 
shown to inhibit denitrification, of which include, polyaromatic hydrocarbons (PAHs), 
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pesticides, and heavy metals [10]. However, when denitrification is inhibited, not all of 
the enzymes are affected equally and nosZ seems to be the most sensitive to pollutants, 
as well as to the variables mentioned earlier, including oxygen levels, carbon to nitrogen 
(C:N) ratios, and pH [119-122]. In all, fungicides inhibit denitrification more than 
herbicides and pesticides, which have mixed results because they appear to be 
influenced more by environmental variables [123]. This effect is mostly due to 
experimental design variables, such as to soil type, concentration added, and the active 
ingredient. This uncertainty is further broadcasted by community analyses that show 
that some compounds lead to a shift in denitrifiers, while others do not. To date, no 
studies have examined the effect of the target compounds in this study on denitrifiers. 
Pell et al. [123] found that, the related antimicrobial 2,4,Dichlorophenol inhibited 
denitrification at levels of 100 μg/g dry soil. However, because the compounds targeted 
in this study are designed to deactivate microorganisms, there is a potential that they 
will inhibit denitrification in soil once land applied via biosolids. 
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3. Determining the Ecological Impacts of Organic 
Contaminants in Biosolids Using a High-Throughput 
Colorimetric Denitrification Assay: A Case Study with 
Antimicrobial Agents 
This chapter was published in Holzem, R.M., H.M. Stapleton, and C.K. Gunsch. (2014). 
Environmental Science and Technology, 48(3), 1646-1655 and addresses Objectives 1 and 2. 
 
3.1 Introduction 
Dewatered solid residual materials remaining after secondary wastewater treatment 
(a.k.a., biosolids) have traditionally been applied to agricultural fields in order to recover 
their macronutrients, primarily nitrogen and phosphorus [1-3]. Current regulations 
pertaining to biosolids land application (i.e., 40 CFR Part 503) regulate both pathogen 
reduction and heavy metal exposure. However, these regulations do not cover any 
organic contaminants. In fact, a recent review found that more than 500 different organic 
chemicals have been identified in biosolids around the United States [6]. The 
compounds that are likely to accumulate in biosolids and could have ecotoxicological 
impacts during land application are commonly lipophilic, hydrophobic, and non-ionic. 
These characteristics make these chemicals particularly persistent and bioaccumulative, 
and pose a potential risk to the human food chain [6]. Specifically, these chemicals have 
the potential to affect food production by inhibiting crop growth or the processes 
important to crop growth or human health directly by bioaccumulating in crops that are 
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consumed by humans and livestock [35-38]. While current concentrations of emerging 
organic contaminants have been measured in biosolids and receiving soils at levels 
below what may harm macro-organisms, there is growing concern that these same 
compounds may impact ecologically important microorganisms [32]. 
Little is known about the effect of biosolids-derived organic compounds on soil 
microbial function and, in turn, soil health. Denitrification is one functional endpoint, 
which has received little attention, but provides a vital indication of soil health. 
Denitrification consists of the stepwise reduction of the soluble nitrogen oxides, nitrate  
(NO3-) and nitrite (NO2-), to nitrous oxide (N2O) and N2 [7]. Denitrifying bacteria play a 
critical role in this process, and thus, are ideal indicator organisms for determining 
contaminant ecotoxicological potential. Specifically, denitrifiers: 1) play a major role in 
both the nitrogen and carbon cycles, which are essential for microbial, soil, and plant 
health [8]; 2) are known to degrade synthetic fertilizers added to agricultural fields and 
produce a major portion of the greenhouse gas N2O [9-13]; 3) are active in the 
amelioration of excess nitrogen fertilizer, which reduces the runoff load to streams after 
precipitation events [14]; and 4) are known to produce intermediates that may be toxic to 
the local ecosystem, such as NO2- and nitric oxide (NO) [7]. 
One class of biosolids-derived emerging organic contaminants are antimicrobial 
agents (a.k.a., bactericides or biocides). These chemicals are of concern because they are 
designed to deactivate microorganisms, are heavily used in the U.S with over $1 billion 
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in yearly sales [16], and have been measured in biosolids. The most common 
antimicrobials found in biosolids are TCS, triclocarban, and the quaternary ammonium 
compounds (QACs), which are cationic surfactants sometimes used for their biocidal 
characteristics [17]. TCS and triclocarban have received the most attention because they 
are the most used, and as a result, have been found up to part per million concentrations 
in biosolids [6, 18]. QACs, on the other hand, despite having been measured in biosolids 
up to 103 mg/kg dry wt., are expected to be degraded in rapidly in the environment [17]. 
Other chlorinated phenols similar to TCS have been found in biosolids, but only at parts 
per billion (ppb) concentrations [6, 17]. Despite being ubiquitous in biosolids and found 
at high concentrations, very limited research has examined the impacts of TCS and 
triclocarban on microbial function and most are limited to aqueous environments. Many 
published studies examined the general toxicity of TCS and triclocarban and were not 
focused on microbial processes. These studies reported a large range of inhibitory 
concentrations for microorganisms, 0.863 to 276 μM for TCS and 31.7 μM to 127 M for 
triclocarban [124]. As far as studies targeting specific microbial processes, median 
effective concentrations (EC50) of 6.29, 69.1, and 825 μM have been reported based on 
BOD degradation, oxygen consumption, and glucose utilization, respectively [76]. 
Because there are so many different types of contaminants found in biosolids, a 
cost-effective, high-throughput method for determining their ecotoxicological potential 
is needed.  In particular, an assay is needed which quantifies a functional endpoint 
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relevant to ecological impacts. In the present case-study, a colorimetric assay was 
developed and used to measure the impacts of several antimicrobial agents on 
denitrification. For comparison and validation purposes, the assay, experiments were 
also conducted with two commonly used methods, gene expression and cell viability. 
Paracoccus denitrificans Pd1222, a common soil denitrifier, was selected as the model 
bacterium for the present study because the microorganism is fully sequenced and, 
unlike Pseudomonas spp., does not have a known resistance to contaminants [100, 125]. P. 
denitrificans Pd1222 is a facultative microorganism, meaning it relies metabolically on 
denitrification under anaerobic conditions and respiration under aerobic conditions, and  
contains the entire denitrification pathway. In total, six antimicrobials were selected as 
target compounds in this case-study: two “historical” antimicrobial agents, which have 
been extensively studied (TCS and triclocarban), and four emerging antimicrobials (2,4,5 
trichlorophenol, 2-benzyl-4-chlorophenol, 2-chloro-4-phenylphenol, and bis(5-chloro-2-
hydroxyphenyl)methane). A summary of the physical and chemical properties of the six 
target compounds is shown in Table 1. While these compounds are designed and used 
to deactivate microorganisms, the inactivation mechanisms are not well understood, 
with the exception of TCS, and to a lesser extent triclocarban. TCS inhibition has been 
thoroughly examined and at high concentrations is known to inhibit fatty-acid 
production, eventually leading to cell lysis [68, 69]. At low concentrations, TCS has been 
shown to have some impact on gene expression [70, 71]. Triclocarban, on the other hand, 
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has not been fully characterized, but is suspected of adsorbing to the cell membrane and 
compromising its permeability [72]. The inhibition mechanisms of the remaining 
compounds have not been analyzed to date, but are expected to be complex and consist 
of multiple targets [72]. 
 
3.2 Materials and Methods 
The following section will describe the methods used in this chapter. 
 
3.2.1 Cell Growth and Preparation 
P. denitrificans PD1222 was grown on Luria-Bertani (LB) agar plates and single colonies 
were used to inoculate 100 mL of autoclaved LB broth. Cells were maintained by 
constant shaking at 125 rpm on a shaker table in an incubator at 37 °C. One mL of late 
log culture was transferred to a 250 mL Erlenmeyer flask containing 100 mL of LB broth 
(~21 °C) on a shaker table at 125 rpm. For use in subsequent experiments, 5 mL of late 
log cells were harvested by centrifugation at 5,500 rpm for 5 min using a SORVALL® 
Super T21 centrifuge (Thermo Scientific, Waltham, MA). Cells were washed with 
previously described minimal medium (MM) modified to contain 36.6 mg/L of 
(NH4)2SO4, and repelletized [126]. All chemicals were obtained from Thermo Fisher 
Scientific (Waltham, MA) and VWR (West Chester, PA). 
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3.2.2 Batch Reactor Preparation 
The experiments were carried out in batch reactors consisting of 200 mL clear 
Neutraglas serum bottles (Thomas Scientific, Waltham, MA). 100 mL of MM was added 
to each bottle and heat sterilized. Bottles were wrapped in aluminum foil to prevent 
photodegradation of the target contaminant and inoculated with 9 x 108 cells/L (72 ± 3.5 
mg dry weight/L). Preliminary tests showed that this was the minimum concentration of 
cells that was needed to quantify significant changes in denitrification over a 24 h 
timeframe.  
Target concentrations were selected based on solubility (Table 1), concentrations 
found in the environment, and concentrations that were found to impact denitrification 
in preliminary experiments. For TCS, the concentrations selected were 10% of the 
aqueous solubility, and ten- and hundred-fold dilutions of that concentration (10.4, 1.04, 
and 0.104 μM, respectively). The concentrations selected for triclocarban were 31.7, 3.17, 
and 0.032 μM based on the reported solubility range of 0.16 to 34.9 μM and that 
preliminary results showed no inhibition below 0.16 μM. The concentrations for the 
remaining compounds were similarly selected to be below solubility and cover the 
transition from not inhibiting denitrification to inhibiting denitrification. The 
concentrations selected were 50.6, 5.06, and 0.506 μM for 2,4-5-trichlorophenol, 48.9, 
4.89, and 0.489 μM for 2-chloro-4-phenylphenol, 37.1, 3.72, and 0.372 μM for bis(5-
chloro-2hydroxyphenyl)methane, and 45.7, 4.57, and 0.457 μM for 2-benzyl-4-
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chlorophenol. The target compounds were added using a Hamilton Syringe (Hamilton 
Company, Reno, NV). Following the compound introduction, 0.05 g/L of glucose and 25 
mg/L of NO2- (KNO2 stock in DI water) were added to each bottle [127]. Quadruplicates 
of each treatment condition were prepared. In addition, biological, solvent, NO2- and 
inactive controls were prepared. The biological control consisted of adding the cells, 
glucose, and NO2-, and the solvent control consisted of cells, glucose, NO2-, and 200 μL 
of acetone. The NO2- control consisted of adding only the glucose and the NO2- to 
account for any non-biological NO2- reduction. Finally, an inactive control was prepared 
that contained the cells, glucose, and NO2-, but was kept aerobic. The inactive control 
was used to account for any nitrogen assimilation during cell growth. All bottles were 
crimp capped with Neutraglas serum bottle seals and butyl rubber stoppers (Thomas 
Scientific, Waltham, MA). To ensure anaerobic conditions in all samples, the bottles 
were evacuated and acetylene was added [128, 129]. 
 
3.2.3 Experimental Procedure 
Samples were collected from each bottle using a 1 mL Hamilton syringe (Hamilton 
Company, Reno, NV) for the beginning time point. Optical density (OD), pH, NO2-, 
ammonium (NH4+), NO3- and the target compound concentration were measured at the 
initial time point and after 24 h. In addition, NO2- and OD were further measured every 
4 h after the initial time point until the experiment ended (24 h). The total sample 
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volume for pH (10 μL), NO2- (50 μL), OD (200 μL), NH4+ (200 μL), and NO3- (500 μL) 
analyses was placed in a 1.5 mL centrifuge tube. OD620 was measured immediately after 
all samples were collected using a Multiskan MCC spectrophotometer (Fisher Scientific, 
Hampton, NH). The tubes were then microcentrifuged for 5 min after which NO2-, NH4+, 
and NO3- were measured. The pH was measured last using pH strips (EMD Chemicals 
Inc., Gibbstown, NJ). Samples collected for chemical analysis were placed in 2 mL glass 
vials (Agilent Technologies, Santa Clara, CA) and immediately stored at -20 °C. 
A separate set of batch reactors was set up for gene expression measurements. 
Nitrite was measured at time point 0 and 6 h to verify that denitrification was occurring 
and remained consistent with other experiments. At those time points, 9.5 mL was 
removed from each reactor and centrifuged at 5,500 rpm for 5 min using a SORVALL® 
Super T21 centrifuge (Thermo Scientific, Waltham, MA). The cells were then washed in 1 
mL of RNAse and DNAse free PBS buffer, mixed by pipetting, and transferred to a 1.5 
mL centrifuge tube. The pellet was washed again with 1 mL of PBS. After the second 
PBS wash, the supernatant was removed and the pellet resuspended in 1 mL of 
RNALater (Life Technologies, Carlsbad, CA) and incubated at 4 °C. 
Finally, a separate set of batch reactors was prepared for the cell viability assay. 
Again, nitrite was measured at time point 0 and 6 h. At 6 h, 1 mL of cells was removed 
from each reactor and processed immediately with the cell viability assay. 
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3.2.4 Denitrification Assay 
Functional changes were quantified using a colorimetric denitrification assay in which 
NO2- reduction was measured instead of N2O production. NO2- reduction was measured 
instead of NO3- to avoid competing pathways that use or produce NO3- and because 
NO2- reductase has been shown to be the rate limiting step of denitrification [130-132]. 
NO2- was measured colorimetrically using a modified version of the Griess reagent 
method [133]. Briefly, 50 μL of sample were added to a 96 well plate. A standard curve 
ranging from 0 to 25 mg/L as NO2- was developed by serially diluting a stock of KNO2 
made in the modified MM described earlier. To each well, 50 μL of sulfanilamide 
reagent (1 g sulfanilic acid dissolved in 70 mL of water and 30 mL of acetic acid) was 
dispensed and the plate was shaken for 10 s at 1,500 rpm, covered with aluminum foil, 
and incubated for 5 min. Then, 50 μL of N-1-napthylethylenediamine dihydrochloride 
(NED) reagent (100 mg of NED dissolved in 60% acetic acid) was added to each well, 
shaken, covered, and incubated again. NO2- was then measured at a wavelength (λ) of 
540. The relative denitrification rate was calculated as the ratio of the reduction of NO2- 
per cell (determined from OD620 measurements) per h of the treatment and the reduction 
of NO2- per cell per h of the biological control containing no antimicrobial contaminant. 
The NO2- reduction rate was calculated over which ever time was shorter, the time until 
NO2- concentration decreased to less than 10% of the starting concentration before then 
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or 24 h. To close the nitrogen mass balance, NO3- and NH4+ were also measured as 
described in Appendix A 
 
3.2.5 Gene Expression Analysis 
The absolute quantification of NO2- reductase (nirS), and N2O reductase (nosZ) as well as 
the reference gene (16S) was performed using qRT-PCR to verify denitrification 
inhibition. Total RNA was extracted from each quadruplicate sample within 48 h using 
the Qiagen RNAeasy mini kit (Chatsworth, CA) following the manufacturer’s 
instruction. Complementary DNA (cDNA) was synthesized within 24 h following RNA 
extraction using the Applied Biosystems High Capacity cDNA Reverse Transcription Kit 
(Foster City, CA).  
Absolute quantification by qPCR targeting nirS, nosZ, and 16S rDNA was 
performed on a Stratagene Mx3000p real-time PCR apparatus (Cedar Creek, TX) using 
iTaq SYBR Green Super Mix with ROX binding dye (Bio-Rad, Hercules, CA). Primer 
sequences for target genes were designed specifically for P. denitrificans PD1222 using 
the open source program Primer3 (v.0.4.0) [134]. Several primer sets were designed and 
tested and the pairs that resulted in the presence of a unique band of the expected size 
with the most intensity in a 2% agarose gel stained with ethidium bromide were selected 
for each of the target genes. For nirS the forward primer was 5’-
ATCGAGACCTCGAAGATGGA-3’ and the reverse primer was 5’-
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CTGCTCGTCGTAGATCATGC-3’. For nosZ the forward and reverse primers were 5’-
GCCTGTCCAAGTTCTCGAAG-3’ and 5’-GTCCCAGACCGACTTGATGT-3’, 
respectively. Primers U519F and E685R used to quantify 16S were previously described 
elsewhere [135, 136]. Amplicons from P. denitrificans PD1222 genomic DNA were used 
as the standards for each target gene. All samples were run at qPCR efficiencies between 
90 and 110% and R2 value ≥ 0.985. Results are reported as the absolute transcript ratios of 
the denitrifying genes nirs and nosZ to the reference gene 16S. The absolute transcript 
values for 16S are reported without normalization. RT-qPCR results are reported 
following the Minimum Information for Publication of Quantitative Real-Time PCR 
Experiments (MIQUE) guidelines [137]. 
 
3.2.6 Cell Viability Assay 
Membrane integrity was measured using the Invitrogen LIVE/DEAD® fluorescent plate 
assay (Grand Island, NY) per manufacturer’s instructions. Briefly, cells were washed, 
pelletized, and then resuspended in PBS to reach an OD670 = 0.06. Then, 100 μL of the 
cells were aliquoted into 96 well plates in triplicate and a propidium idodide/SYTO 9 
mix was added for staining. After 20 min of incubation at room temperature in the dark, 
the fluorescence intensity at λ of 530 nm (green) and 630 nm (red) was measured using a 
Spectramax M5 plate reader (Sunnyvale, California). The excitation λ was 485 nm. 
Standard curves for both “live” and “dead” curves were run on every plate. “Dead” 
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cells were treated with isopropyl alcohol. Autofluorescence background was subtracted 
from the final live/dead cell ratios [138]. 
 
3.2.7 Analytical Methods 
TCS and triclocarban concentrations were measured at 0 and 24 h to ensure no 
degradation occurred over the span of the experiment. The samples were first diluted to 
have a final total mass of 10-100 ng. The diluted samples were then spiked with 100 μL 
of the internal standard (i.e., 13C labeled TCS (at 1.0 μg/mL) or triclocarban (at 0.6 
μg/mL) and filtered through a methanol-rinsed 0.2 μm polytetrafluoroethylene (PTFE) 
filter. The samples were then analyzed using liquid chromatography/tandem mass 
spectrometry (LC/MS-MS) as previously described[139]. A five point standard curve 
was prepared that covered the range of expected values in the samples. The remaining 
four compounds were only analyzed using the denitrification inhibition assay and no 
analytical analyses were completed. For the denitrification, gene expression, and cell 
viability assays, no significant degradation of TCS and triclocarban was observed over 
the extent of the experiments and up to 97% of the spiked stock compound was 
recovered. 
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3.2.8 Statistical Analysis 
Experimental values are reported as the mean ± standard error. To analyze statistical 
differences between treatments, one-way analysis of variance (ANOVA) coupled with 
Tukey’s post-hoc analysis using the open source statistical software R (v.2.15.1) was 
used. Differences were considered significant for p-values ≤ 0.05 [140]. 
 
3.3 Results and Discussion 
The following section describes the development and demonstration of a denitrification 
assay that can be used to determine the ecological impacts of biosolids-derived 
emerging organic contaminants. The assay is also validated using two traditional 
methods for determining ecotoxicity, gene expression and cell viability. In addition, the 
environmental implications of the assay results and the potential applications of the 
assay are discussed. 
 
3.3.1 Assay Development with Antimicrobial Agents 
Initial assay testing demonstrated that the denitrification process was successfully 
isolated and that no competing pathways were used by P. denitrificans PD1222. The NH4+ 
concentration remained constant over the duration of the experiment, no NO3- was 
produced and NO2- remained steady in the inactive control. The ability to rely on NO2- 
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measurements as opposed to a suite of nitrogenous compounds removes the need for 
specialized and potentially costly equipment. 
The assay was effective at reproducibly measuring changes in denitrification 
rates for antimicrobials at concentrations ranging over three orders of magnitude with 
an average standard error of ± 8.77% (n=24, Figure 3). While this standard error is quite 
large, it compares favorably to the 10 to 20% analytical variability commonly reported 
for the most widely used method for measuring potential denitrification (i.e., the 
Denitrification Enzyme Activity (DEA) assay) [84, 127]. Overall, the assay results show 
that the antimicrobial agents exhibit a dose-response relationship where an increase in 
antimicrobial concentration corresponds to a decrease in denitrification. 
The assay’s sensitivity was evaluated by measuring the lowest observable 
adverse effect concentrations (LOAECs) for each antimicrobial. The LOAEC was defined 
as the contaminant concentration at which the functional endpoint (i.e., nitrite 
concentration) was significantly different from the biological control. LOAECs of 1.04 
μM were obtained for TCS, 3.17 μM for triclocarban, 3.71 μM for bis-(5-chloro-2-
hydroxyphenyl)methane, 4.89 μM for 2-chloro-4-phenyl phenol, 45.7 μM for 2-benzyl-4-
chorophenol, and 50.6 μM for 2,4,5-trichlorophenol. The LOAECs reported in this study 
were consistent with other studies reporting toxicity and microbial process inhibition 
concentrations ranges of 0.863 to 276 μM for TCS and 31.7 μM to 127 M for triclocarban 
[124]. The LOAEC reported herein for 2,4,5-trichlorophenol was higher than, although 
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consistent with a previous study showing 50% reduction in cell yield in simulated 
wastewater between 10.1 and 12.6 μM. LOAEC values, or similar inhibition values for 
the remaining compounds could not be found in the literature for comparison. Alone, 
these LOAECs provide insight into what antimicrobial agents are the most effective 
biocides. TCS and triclocarban are found in most cleaning products and were shown in 
this study to be the most effective antimicrobials against P. denitrificans Pd1222. The 
remaining compounds in order of their effectiveness were bis-(5-chloro-2-
hydroxyphenyl)methane, 2-chloro-4-phenyl phenol, 2-benzyl-4-chlorophenol, and lastly 
2,4,5-trichlorophenol. 
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A. Triclosan B. Triclocarban 
  
C. Bis(5-chloro-2-
hydroxyphenyl)methane 
D. 2-Chloro-4-phenylphenol 
  
E. 2-Benzyl-4-chlorophenol F. 2,4,5-Trichlorophenol 
  
Figure 3: Relative denitrification rate in the presence of varying concentrations of 
six antimicrobial agents and measured by the denitrification assay. (*) indicates a 
statistical significant difference from the control (p ≤ 0.05). (@) indicates a statistical 
significant difference from 0 (p ≤ 0.05). Values < 1 indicate inhibition of denitrification 
as compared to the control. Negative values correspond to a decrease in cell number 
when denitrification was completely inhibited. Error bars represent one standard 
error. 
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3.3.2 Implications of Potential Ecological Impacts 
Five of these six antimicrobial agents have been measured or estimated in the 
environment at concentrations below or near this study’s LOAEC values, and one has 
been measured at concentrations higher than this study’s LOAEC values. TCS, has been 
measured in water and wastewater up to 1.94 μM [22, 141], estimated in pore water of 
sediment and biosolids amended soil up to 1.32 μM [58], and in measured in biosolids 
collected from several different WWTPs at concentrations as high as 113 mg/kg dry 
weight [17, 21, 23, 32, 50-53]. While the LOAEC for TCS in the study is slightly below the 
aqueous concentrations found in the environment, the LOAEC calculated on a dry 
weight basis, 4.19 g/kg, was much greater than the concentrations found in biosolids. 
This is likely a reflection of differences in sample solids content. For instance, whereas 
the solids concentration herein was low (72 ± 3.5 mg dry weight/L), the average mixed 
liquor suspended solids concentration in activated sludge samples average 2,000-2,500 
mg/L [142]. It should also be noted that the LOAEC in the present study was normalized 
to the mass of active cells, whereas the values reported in the literature for biosolids are 
normalized to total solids, which include inactive cells as well as other non-cellular 
materials. Triclocarban has been measured in water and wastewater up to 0.022 μM [57], 
estimated in sediment and biosolids amended soil pore space up to 0.867 μM [58], and 
measured in biosolids up to 441 mg/kg dry [51, 53, 54, 59]. The LOAEC for triclocarban 
is within one order of magnitude of environmental aqueous concentrations. However, 
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the solids concentration should be considered when comparing the values in our study 
to other biosolids studies. On a dry weight basis, the LOAEC (14.0 g/kg) is much greater 
than the concentrations found in biosolids. Bis(5-chloro-2-hydroxyphenyl)methane was 
found in anaerobically digested sludge at concentrations up to 0.52 μM, which is within 
an order of magnitude of the LOAEC for P. denitrificans PD1222 [20]. Similarly, 2-Benzyl-
4-chlorophenol was found in wastewater influent at 0.12 μM, which is also within an 
order of magnitude of the LOAEC for P. denitrificans PD1222. While the occurrence of 
concentrations at levels below or near the LOAECs reported in this study may indicate 
potential ecological impacts, further analysis is warranted as the denitrification assay 
developed herein uses a liquid medium and the actual bioavailability of these 
compounds may be substantially different when sorbed to biosolids. In addition, 
bioavailability is greatly impacted by whether the compound is in the neutral or ionic 
form. Neutral compounds are generally more bioavailable, but also sorb more readily to 
natural organic matter (NOM). Based on the pKa of the compounds and assuming a pH 
of 7, the fraction of the compound in the neutral form was calculated to be 89% for TCS, 
100% for triclocarban, 100% for bis-(5-chloro-2-hydroxyphenyl)methane, 92% for 2-
Chloro-4-phenyl phenol, and 48% for 2,4,5-trichlorophenol. The pKa of 2-benzyl-4-
chorophenol could not be estimated, and therefore, the fraction in the neutral form was 
not calculated. Under environmental conditions, sorption would be further impacted by 
the sorbent material present and the concentrations of ions and other chemical 
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constituents in the soil or pore-space water. However, these results demonstrate the 
capabilities of the denitrification assay to provide an initial screening of potentially 
harmful contaminants. 
 
3.3.3 Denitrification Assay Comparison 
To validate the denitrification assay, two other methods (i.e., gene expression analysis 
and cell viability assays) were tested on P. denitrificans PD1222 (Figure 4). These methods 
were selected for comparison purposes as they are commonly used to establish potential 
ecotoxicological impacts of contaminants in lieu of proteomic based approaches, which 
require very specialized and costly equipment [138, 143, 144]. Only TCS and triclocarban 
were used for this part of the study because the genetic targets are known for these two 
antimicrobial agents. Due to their widespread use in consumer applications, there is a 
substantial amount of literature available on these contaminants as compared to the 
other four antimicrobials. 
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Triclosan 
A. Gene Expression B. Cell Viability 
  
Triclocarban 
C. Gene Expression D. Cell Viability 
  
Figure 4: Gene expression and cell viability assay results for triclosan and 
triclocarban. Gene expression is represented by the absolute gene transcript numbers 
of nirS and nosZ relative to 16s rRNA (left Y-axis) and absolute gene transcript 
numbers for16S rRNA (right Y-axis). Cell viability is represented by percent viable 
relative to the control. (*) indicates a significant different from control (p-value ≤ 0.05). 
Cell viability values < 1 indicate decreased cell viability as compared to the control. 
Error bars represent one standard error. 
 
3.3.4 Gene Expression 
Based on gene expression analysis of the functional genes nirS and nosZ, LOAECs of 10.4 
μM and 3.17 μM were obtained for TCS and triclocarban, respectively (Figure 4 A and 
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C). Strictly examining the LOAECs, the denitrification assay was more or as sensitive, 
yielding lower values for TCS (1.04 μM) but equal levels for triclocarban (3.17 μM). 
Following an initial increase in expression at low concentrations, transcription was 
increasingly repressed as the concentration of either TCS or triclocarban increased. The 
increase in transcript numbers for nirS and nosZ at the low and medium concentrations 
of TCS found in this study are consistent with the previous studies showing an up-
regulation in membrane associated gene transcript numbers [71]. This increase in 
transcript numbers may be counterintuitive at first since TCS inhibition is known to 
consist primarily of post-translational inhibition of the enoyl-acyl carrier enzyme (FabI) 
which blocks fatty acid biosynthesis, and eventually leads to a compromised cell 
membrane [68, 69]. However, Escalada et al. [70] showed that TCS binding with FabI 
could not explain the bactericidal nature alone and that other mechanisms existed. 
Another study supported this finding when they measured an increase in gene 
transcripts, especially for several proteins associated with the membrane, including the 
nitrate reductase genes, narH and narJ in the presence of non-lethal doses of TCS [71]. 
Transcript numbers for both nirS and nosZ also increased at the lowest concentration of 
triclocarban. The explanation for this upregulation is unclear, however, as the mode of 
action of triclocarban has not been fully characterized. McDonnell and Russell suggested 
that triclocarban adsorbs to the cell membrane and ultimately compromises its 
permeability [72]. Similarly to TCS, the inhibition by triclocarban is thought to be 
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complex and consist of multiple, yet unknown targets [72]. The upregulation observed 
herein suggests that triclocarban elicited a cell response similar to that of TCS at the 
lowest concentration. At the highest concentrations for both compounds, the 
denitrifying genes were suppressed, which could be due to either down regulation of 
the genes or degradation of the transcripts. Lysing of the cells and the release of cellular 
components, followed by mRNA and rRNA degradation could explain the decrease in 
the transcript numbers at this concentration. This explanation is consistent with the cell 
viability results discussed later in this manuscript. 
An advantage of gene expression over the denitrification assay method is that 
gene expression data may provide some indication as to the mechanisms of inhibition 
imparted by the contaminant of interest. While this method does not provide a direct 
functional end point measurement, it may still provide useful information if the mode of 
inhibition is at the transcription level and the correct gene targets are known. However, 
for many contaminants, impacts are post-transcriptional and no effect may be observed 
in gene expression studies unless the cells are severely stressed and in the process of 
dying. For example, although TCS has been shown to have some impact on gene 
transcription, relegated mostly to membrane-associated transcripts, this did not directly 
correlate to activity, as shown by the denitrification assay. A proteomic-based approach 
could provide more targeted mechanistic and functional endpoint information (as 
compared to transcriptomic-based approaches), however, these methods are very cost-
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prohibitive and time intensive. For these reasons, proteomic approaches have not been 
widely implemented [145]. 
 
3.3.5 Cell Viability 
The second method that was compared to the denitrification assay was cell viability. 
Using the cell viability assay, LOAECs of 10.4 μM and 31.7 μM were obtained for TCS 
and triclocarban, respectively (Figure 4 B and D). Both LOAECs are higher than those 
obtained with the denitrification assay suggesting the lower sensitivity of the cell 
viability assay. This result is not unexpected as cell viability only provides a measure of 
ultimate cell death, which is the final result of more complex cellular interactions. 
Similarly to the gene expression measurements, cell viability can provide some 
indication of inhibitory mechanisms, albeit limited and less targeted than gene 
expression. Using the cell viability assay, a dose response relationship was not observed. 
At the highest concentration for both compounds, near complete cell lysis occurred. 
However, at the medium TCS and low triclocarban concentrations, a statistically 
significant increase in cell viability was observed as compared to the negative control, 
suggesting that at these concentrations, TCS and triclocarban may have helped sustain 
the cell integrity for a longer duration. We are not the first to observed this increase, 
which was previously attributed to intrinsic uptake mechanisms such as efflux pump 
extrusion of the compound from the cell or a change in the cell permeability [146-150]. 
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These contradictory results illustrate some of the difficulties in utilizing cell viability to 
assess ecotoxicological impacts of contaminants. Cells with compromised membranes 
may still be partially active, and inversely, intact cells may not be fully active. Cell 
viability data only provide surrogate information as opposed to direct functional data. 
Finally, cell viability is limited to compounds that lead to the cell membrane being 
compromised, and therefore, may obscure more complex interactions between 
contaminants and microorganisms. 
 
3.3.6 Potential Assay Applications 
We have demonstrated that the denitrification assay developed herein can be used 
effectively as an initial indicator for potential adverse ecological impacts by 
antimicrobial contaminants. This assay is particularly attractive for biosolids where it is 
difficult to measure the ecotoxological impacts. The strengths of this assay are: 1) its 
ability to measure a functional endpoint; 2) its adaptability to high-throughput screening 
and, 3) its reliance on non-specialized equipment thereby decreasing its implementation 
cost. However, one of the general drawbacks of this method is that it does not provide 
any mechanistic details regarding potential inhibitory mechanisms. However, as an 
initial test to determine which of the myriad emerging contaminants found in biosolids 
require further examination, the denitrification assay provides a viable alternative that 
coincides with the initial toxicological testing outlined in the US Environmental 
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Protection Agency (USEPA) guidelines regarding the Federal Insecticide, Fungicide and 
Rodenticide Act (FIFRA) and recommended for the Toxic Substances and Control Act 
(TSCA). 
Much of the current toxicological research is focused on the direct impacts of 
emerging contaminants on human health and often requires some form of animal 
testing. Research on potential indirect impacts, such as the impacts on microorganisms 
beneficial to humans, has been limited. The fact that P. denitrificans Pd1222 is a 
facultative aerobic microorganism allowed for the isolation of the denitrification 
pathway and measurement of denitrification. Still, the same method could be expanded 
to other ecologically important organisms or groups of organisms. For example, other 
model denitrifiers could be used in lieu of P. denitrificans Pd1222, if they can complete 
the entire denitrification pathway. Alternatively, multiple denitrifiers that together have 
the complete denitrification pathway could be used instead, as long as any differences in 
growing conditions were appropriately addressed. In addition, other assays could be 
developed that provide measurements of other functional endpoints that can also 
indicate soil health, including those relevant to carbon cycling and decomposition. 
An important advantage of the method outlined in this study is its short 
experimental length (24 h) and its reliance on low cost instrumentation, including basic 
culturing equipment and a spectrophotometer. Denitrification was quantified 
colorimetrically, which is significantly cheaper than measuring the denitrification end 
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products (N2O or N2) or measuring a stable nitrogen isotope throughout the 
denitrification process, which both require specialized equipment such as a gas 
chromatographer with mass spectrometry capabilities. One limitation, however, is that 
measuring NO2- reduction may not directly reflect the amount of end product (N2O or 
N2) formed [84]. However, the use of acetylene in combination with nitrite instead of 
nitrate and a pure culture should avoid many of the limitations associated with the 
traditional methods [151]. 
Finally, it may be advisable to expand this method to more complex media that 
better simulate biosolids and soil. The soil microbial ecology test protocols outlined for 
FIFRA and recommended for TSCA require the addition of standard soil to the assays. 
However, there are no suitable biosolids standards that can be used to isolate the 
impacts of individual contaminants. This issue is further complicated as Alexander as 
well as Pannu et al. [152] demonstrated that contaminant bioavailability drastically 
changes when a contaminant is spiked into biosolids as opposed to gradually 
introduced during wastewater and aged through digestion [153]. Therefore, obtaining 
solid media for these tests could prove challenging. For these reasons, it may be 
preferable to perform initial screens in simple systems such as that described herein and 
later extrapolate to a more complex and realistic conditions if initial screenings indicate 
ecotoxicological potential. 
.
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4. Evaluating the impacts of Triclosan on Biological 
Wastewater Treatment Processes using Bench-Scale 
Activated Sludge Sequencing Batch Reactors Coupled 
with Anaerobic Digesters. 
The following chapter describes the portion of the work completed for Objective 3. 
 
4.1 Introduction 
Triclosan (TCS), also known as 5-chloro-2-(2,4-dichlorophenoxy) phenol, is a broad 
range antimicrobial agent commonly used in personal care products (PCPs), such as 
shampoos, soap, detergent ,and toothpaste, among many others [40, 41], and is used 
heavily in the U.S. with over $1 billion in yearly sales [16]. As a result of their extensive 
use, these products are likely the major contributors of TCS to wastewater treatment 
plants [6, 25, 42]. TCS has been measured in wastewater up to 1.94 μM [22, 141]. TCS 
also has a solubility of approximately 6.9 to 13.8 μM [46]. The Log Kow of TCS is 4.8, and 
the acid dissociation constant (pKa) is 7.9, suggesting that it is fairly bioaccumulative 
(non-ionized) under ambient conditions and partitions to solids (biological material) in 
wastewater treatment, as evidenced by the high concentrations in biosolids (113 mg/kg) 
[6, 17, 44]. Because TCS is deliberately used to deactivate microorganisms, partitioning 
to solids, or flocs, where much of a wastewater treatment plant’s biological process 
occur, may lead to a greater potential to negatively impact beneficial microorganisms. 
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The mechanism of TCS microbial inhibition has been thoroughly examined. At 
high concentrations TCS inhibition primarily consists of post-translational inhibition of 
the enoyl-acyl carrier enzyme (FabI), which blocks fatty acid biosynthesis, and 
eventually leads to a compromised membrane [68, 69]. At low concentrations, TCS has 
been shown to have some impact on membrane-associated gene expression [70, 71]. 
Because TCS is antimicrobial and the inhibition mechanisms are relatively well 
characterized, many studies have examined the general toxicity of TCS, with a few 
focused on biological wastewater processes and microbial processes in general. These 
studies reported a large range of inhibitory concentrations of TCS for microorganisms, 
0.863 to 276 μM [124]. As far as studies targeting specific microbial processes, our 
previous research showed that triclosan inhibited denitrification, a major component of 
the nitrogen cycle, at concentrations as low as 1.04 μM [154]. Other studies reported 
median effective concentrations (EC50) on various pure and mixed cultures of 
microorganisms of 6.29 μM, based on biochemical oxygen demand (BOD) degradation, 
69.1 μM based on oxygen consumption, and 825 μM based on glucose utilization [76, 
155]. Examining a continuous-flow activated sludge system, Stasinakis et al. [156] 
showed that nitrification was temporarily inhibited at a TCS concentration of 1.73 μM of 
TCS, and the EC50 of ammonium (NH4+) uptake was 34.4 μM. In a follow-up study also 
on a continuous flow activated sludge system by the authors, NH4+ removal was 
inhibited at an even lower concentration (3.45 μM) [157]. However, in both instances, 
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TCS was not fed to the reactors, but rather, TCS inhibition was measured on samples 
taken from the reactors. Thus, any impacts may have been artifacts of solids not 
acclimated with TCS. Federle et al. [158] incrementally increased TCS feed from 0.14 to 
6.90 μM to sequencing bath reactors (SBRs) inoculated with activated sludge and found 
no inhibition of chemical oxygen demand (COD), BOD, or NH4+ removal. However, the 
primary focus of this study was on TCS degradation and the authors specifically 
selected for TCS resistant microorganisms by feeding the reactors continuously with 
domestic wastewater dosed with TCS at slowly increasing concentrations. On the other 
hand, the study presented herein examined the impact of simulated wastewater dosed 
with triclosan on startup and steady-state wastewater treatment processes (COD, 
nitrogen, and phosphorus removal) and microbial community structure using 
sequencing batch reactors (SBRs) coupled with anaerobic digesters. 
 
4.2 Materials and Methods 
The following section describes the methods used for the research presented in this 
chapter. 
 
4.2.1 SBR Design and Operation 
Four reactors, consisting of 11.5 L Mr. Aqua rectangular glass fish-tanks (30.0 cm x 17.8 
cm x 20.3 cm, 0.64 cm thick) sealed with silicon (Taiwan), were set up in parallel in a 
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chemical containment hood and were maintained at room temperature (~20 °C) (Figure 
5). The walls of the reactors were covered in aluminum foil to prevent photodegradation 
of TCS. The top of the reactor was covered with an aluminum foil-lined plastic 
container. The peak volume in each reactor was 9 L and the volume after decanting was 
3.2 L. The SBRs were operated on a 6 h cycle, with 30 min of synthetic influent feeding 
without aeration, 3 h of aeration and complete mixing, 1 h of settling, and 30 min of 
decanting, and 1 h idle. The SBRs were kept idle (the mixers were not turned on) during 
influent feeding to encourage phosphorus removal [159]. A solids retention time (SRT) 
of 10 days was selected to promote nitrification [160]. The operating hydraulic retention 
time (HRT) was 5.6 h, which was in the range of contact stabilization [159].  Once per 
day, during the last 5 min of idle time, the mixers were turned on and 250 mL of waste 
was decanted and wasted or collected in the anaerobic digester (after 30 days of 
operation when steady-state conditions were reached). All four of the reactors were fed 
synthetic wastewater (SWW) using a previously published recipe [161]. The SWW had 
an average of 450 mg/L COD and 40 mg/L of ammonium. Two of the reactors were fed 
only SWW (Control A and B), while two others were fed SWW with TCS (TCS A and B). 
Ambient air was fed to the reactors via two PetSmart Top Fin Air 8000 aerators 
(Phoenix, AZ). Each aerator had four separate tubes attached to PetSmart Top Fin Fine 
bubble air stone diffusers (Phoenix, AZ) that were placed evenly throughout the reactors 
in order to maintain even aeration. The dissolved oxygen was maintained above 4.2 
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mg/L. Multi-head peristaltic pumps were used to feed the influent and the effluent (Cole 
Parmer, Masterflex L/STM, Vernon Hills, IL). Three days of influent SWW were stored 
for each reactor in a PetSmart Great Choice 76 L rectangular glass tank (76.2 x 30.5 cm x 
30.5 cm) lined with aluminum foil and covered to prevent photodegradation (Phoenix, 
AZ). Influent tubing was weighed down with stainless steel nuts. Effluent from each 
reactor was collected in a separate unlined, but covered 76 L glass tank. Reactors were 
mixed with large stir bars on stir plates at 500 RPM. All cycling components were 
controlled with GE Digital SunSmart digital (Fairfield, CT) and Intermatic TN311C 
(Grove, IL) timer-controllers. All tubing entering the reactors was secured to the wall 
with suction cups PetSmart Great Choice Airline Holders (Phoenix, AZ) and zip-ties at 
the appropriate heights. The SBRs were initially spiked with 9 L of activated sludge 
taken from the North Durham Water Reclamation Facility (NDWRF, Durham, NC), 
which currently treats 20 MGD completes biological nutrient removal of BOD, NH4+, and 
phosphorus. Also, to determine the impact of variations between inoculum microbial 
communities, reactors Control A and TCS A were inoculated with a different composite 
activated sludge sample than Control B and TCS B. However, in both cases the inoculum 
was added to the SBRs within 2 h of collection.  
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Figure 5: Schematic and photo of SBR and anaerobic setup. 
Note that the SBRs are not yet covered and have not been 
inoculated, and the SBR and the anaerobic digesters are not 
connected. 
 
SBR analysis began immediately after inoculation and was repeated 
approximately every 7 days thereafter until operation ceased. COD, NH4+, nitrate (NO3-), 
 68 
nitrite (NO2-), total suspended solids (TSS), volatile suspended solids (VSS), dissolved 
oxygen (DO), and pH were completed on each sampling day. Phosphate (PO43-) and 
microbial community analyses, on the other hand, were completed every 2 to 3 sampling 
days. For each reactor and in triplicate, the total sample volume for NH4+ (200 μL), NO2- 
(50 μL), and PO43- (250 μL) analyses was obtained from the influent and effluent and 
placed in a 1.5 mL centrifuge tube. The samples were then microcentrifuged for 5 min at 
13K rpm on an Eppendorf 5424 centrifuge (Hamburg, Germany) after which NO2-, NH4+, 
and PO43- (when appropriate) were measured. Triplicate 10 mL samples were obtained 
from the influent and effluent for NO3-a and COD analyses. In addition, triplicate 25 mL 
samples were obtained from the influent, reactor, and effluent for pH. Lastly, triplicate 
25 mL samples were obtained from each reactor for TSS and VSS analyses. Once every 
10 to 20 days, triplicate 1 mL samples were obtained only from the Control and TCS 
replicate B reactors, centrifuged for 5 min at 13K rpm, the supernatant removed via 
pipetting, and the pellet stored at -20 °C for further processing for microbial community 
analysis. Samples for microbial community analysis were not collected from Replicate A 
reactors by mistake. 
 
4.2.2 TCS Addition 
The target concentration of TCS was selected to reflect a wastewater treatment plant that 
generated biosolids with high levels of TCS and was calculated based on available 
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published adsorption characteristics of TCS (albeit for soil and biosolids) and published 
range of concentrations measured in biosolids [23, 42, 59, 162] The concentration selected 
was 0.73 μM of TCS, which was calculated from a theoretical biosolids concentration of 
30 to 50 mg/kg dry weight (dependent upon the adsorption isotherm used). Stock TCS 
was made in acetone and spiked into the influent tank using a Hamilton Syringe 
(Hamilton Company, Reno, NV) and mixed using a stainless-steel spoon. Fresh influent 
with TCS was made every two or three days. 
 
4.2.3 Anaerobic Digester Design and Operation 
One anaerobic digester was set up for each SBR treatment: Control B and TCS B SBRs. 
The digester consisted of 19 L solvent-rinsed, glass carboys by Learn to Brew, LLC 
(Moore, OK). Each digester was sealed with a VWR rubber stopper (Radnor, PA) and 
silicon. The respective waste decanting tube from the SBR was fed into the digester 
through the stopper. Another tube was placed into the digester through the stopper and 
was connected to a 5 L SKC Tedlar Sample Bag (Eighty Four, PA). Once the SBRs 
reached steady-state (Day 30), the digesters were inoculated with 100 mL of 
anaerobically digested sludge from the NDWRF (Durham, NC). After inoculation, the 
tubing and the stoppers were sealed and the headspace of the carboys was evacuated 
and replaced with nitrogen gas at atmospheric pressure. The glass carboys were then 
placed in a 113 L plastic container and weighed down using sand bags. The container 
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was filled with water. A 200 Watt Aqueon aquarium heater (Franklin, WI) was used to 
maintain the water temperature at 27 °C and a PetSmart 950 Aqueon circulation pump 
(Phoenix, AZ) was used to continuously mix the water. The container with the digesters 
was covered in order to minimize photodegradation. Two hundred fifty mL was wasted 
from each SBR to the anaerobic digesters per day for 47 days and when the SBRs were 
shutdown, all remaining solids from the SBR were pumped to the digesters. The 
digesters were then isolated from the SBRs and digestion commenced for 20 days. The 
digesters were mixed manually every 3 days throughout the entire operation to ensure 
complete digestion. 
Completely mixed samples were obtained from the digester after digestion was 
complete and were analyzed for TCS concentration, TSS, VSS, Total Kjeldahl nitrogen 
(TKN), phosphorus, potassium, and pH. Triplicate 10 mL samples were obtained from 
each digester for TSS and VSS analyses. Triplicate 50 mL composite sample were 
obtained for TKN, phosphorus, potassium, and pH analyses and was sent to Waters 
Agricultural Laboratories, Inc. (Georgia USA) for processing. Forty mL samples were 
obtained for TCS analysis and were placed in volatile organic analysis certified Thermo 
Scientific 50 mL amber vials with silicone/polytetrafluoroethylene (PFTE) septum in 
polypropylene caps (Waltham, MA), stored at 4 °C and processed the within 24 h. 
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4.2.4 Analytical Methods 
COD (mercuric digestion method) and nitrate (cadmium reduction method) were 
measured using HACH (Loveland, CO) reagents. NO2- was measured colorimetrically 
using a modified version of the Griess reagent method and published previously [133, 
154] A modified version of the phenate method (Section 4500 of the Standard Methods 
for the Examination of Water and Wastewater) was used to measure NH4+ and described 
previously [154, 163]. PO43- was also measured according to a previously published 
method [133]. TSS and VSS analyses were completed according to Section 2450 of the 
Standard Methods for the Examination of Water and Wastewater [163]. Finally, pH was 
measured using a Beckman Coulter, Inc. pH/temperature/millivolt meter and probe 
(Fullerton, CA).  
Gas production by the digesters was also monitored to evaluate digester 
performance. Briefly, triplicate 10 mL gas samples were taken from each gas sample bag 
using a Poulten & Graf Ltd Fortuna 10 mL gas-tight syringe (Barking, Essex, UK) and 
Becton Dickinson and Company 25 gauge needles (Franklin Lakes, NJ). The samples 
were then injected into 9 mL gas vials crimp capped with butyl stoppers that were 
flushed with nitrogen gas (N2) and evacuated as previously described [127]. Vials, butyl 
stoppers, and aluminum crimp caps were obtained from Grace Davison Discovery 
Science (Deerfield, IL). The methane of the gas samples was measured with a modified 
Shimadzu gas chromatographer (GC) 17A version 3 (Kyoto, Japan) and Tekmar 
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headspace autosampler (Vernon, BC, Canada) within 7 days. The GC was retrofitted in 
2007 with a methanizer, ECD, flame ionization detector (FID), and Valco Instruments 
Co. Inc. valves (Houston, TX) to approximate the GC-2014 Greenhouse Gas Analyzer. 
The remaining gas volume was measured using a Singer (Elster) American Meter Co. 
flow meter (Nebraska City, NE). 
To verify the TCS dosage, stock concentrations were measured. TCS stock 
concentrations were first diluted to have a final total mass of 10 to 100 ng. The diluted 
samples were then spiked with 100 μL of the internal standard (i.e., 13C labeled triclosan 
(at 1.0 μg/mL) and filtered through a methanol-rinsed 0.2 μm polytetrafluoroethylene 
(PTFE) filter. The samples were then analyzed using liquid chromatography/tandem 
mass spectrometry (LC/MS-MS) as previously described [139]. 
To measure the TCS concentration in the simulated digested biosolids, the liquid 
and solids fractions were first separated via centrifugation by an Eppendorf 5810R 
centrifuge (Hamburg, Germany). The aqueous portion was then transferred to a 50 mL 
Kinman glass vial (Des Moines, IA) centrifuged tube and extracted with 50:50 
dichloromethane (DCM):hexane three times. Briefly, 10 mL of 50:50 DCM:hexane was 
added to the sample and vortexed for 10 s. The samples were then centrifuged at 2,500 
rpm for 5 min. The supernatant was then collected in a VWR 15 mL glass test tube 
(Radnor, PA). The extraction was repeated for a total of three times. The samples were 
further processed and analyzed using LC/MS-MS as previously described for biosolids 
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samples starting with the sulfuric acid purification step [139]. The solid portion of the 
samples were analyzed according to the same method, but starting with 
homogenization with sodium sulfate and pressurized fluid extraction [139]. All solvents 
were high pressure liquid chromatography (HPLC) grade and were obtained from 
Sigma Aldrich (Milwaukee, WI). 
 
4.2.5 DNA Extraction and PCR Conditions 
Total DNA was extracted from all replicates on all days using the MO BIO PowerLyzer 
PowerSoil DNA Extraction Kit by (Carlsbad, CA). All extractions were performed 
following a modified version of the manufacturer’s protocol [164]. Briefly, after the 
addition of reagent C1, 400-500 μL of 25:24:1 phenol/chloroform/IAA was added to each 
tube and vortexed. Following, instead of homogenizing the samples, the samples were 
placed on a horizontal shaker at max speed for 5 min. Also, 25 μL of eluent buffer (C6) 
was added to the white filter membrane, the samples were incubated for 5 min and 
centrifuged for 30 s at 13K rpm. This step was then repeated. After DNA extraction was 
completed a spectrophotometer (Thermo Fisher Scientific, Waltham, MA) was used to 
verify the concentration and purity of the DNA. PCR of the bacterial 16S SSU rRNA 
gene region was completed based on previously described method by Lukow et al. [165] 
and modified by Alito and Gunsch [166]. 6-FAM labeled 27F was used as the forward 
primer and unlabeled 1392R was used as the reverse primer [165]. For each PCR 
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reaction, 1 μL of purified template DNA was used. Following amplification, the 
presence of the correct length PCR amplicons was confirmed via visualization on a 1 % 
agarose gel containing 0.1% ethidium bromide. PCR amplicons were then purified using 
a Qiagen PCR Purification Kit (Qiagen, Hilden, Germany). The final PCR product 
concentrations and purity were again verified using the NanoDrop. 
 
4.2.6 T-RFLP Analysis 
The PCR amplicons were digested with restriction enzymes as described in Lukow et al. 
[165]. However, no bovine serum albumin (BSA) was used in the reactions as 
preliminary experiments showed interference. One hundred ng of purified PCR product 
and 10 U of the restriction enzyme, MspI, (New England Bio-labs Inc., Beverly, MA) 
were used for each reaction. The reactions were then incubated for 2 h at 37 °C. 
Following incubation, samples were stored at -20 °C until further processing by the 
Duke University DNA Analysis Facility. The Duke University DNA Analysis Facility 
desalted the samples through a spin column filtration and completed fragment analysis 
using an Applied Biosystems 3100 capillary sequencer (Foster City, CA) with POP6 
polymer and ROX-labeled MapMarker 1000 size standards (BioVentures, Inc., 
Murfreesboro, TN). 
T-RFLP profiles were evaluated using Applied Biosystem’s Genescan v3.7.1 
analysis software (Foster City, CA). Manual inspection of each profile was completed to 
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ensure only true peaks were chosen for statistical analyses. The raw data was then 
imported into T-REX in the following format; Dye/Peak, Sample File Name, Size, Height, 
Area in Point, Area in BP [167]. All peaks less than 50 basepairs (bp) were excluded from 
the analysis because they were possible primer dimer fragments. Only T-RFs with a 
minimum peak height threshold of 50 relative fluorescent units were used. T-REX was 
used to align the profiles based on the replicates using the “Environments” function in 
the software. Presence/absence data files were imported into PAST (Paleontological 
Statistics software) for data analysis [168]. Peak area is bias towards the abundance of a 
specific species (each fragment), whereas, presence/absence gives all species (each 
fragment) the same weight during analysis. Thus, presence/absence is especially 
important when species of low abundance are significantly impacted more by the 
treatments. Also, because of inherent biases with PCR, peak area measurements are only 
semi-quantitative. After the data were analyzed, the relative species abundance was 
calculated based on the number of peaks present in each sample. The relative abundance 
values were then compared between the control and TCS SBRs over time. The data were 
then analyzed using principal nonmetric multidimensional scaling (NMS) coupled with 
Jaccard similarity distance for group clustering. The Jaccard similarity distance was used 
because it works well for binary data, such as the presence/absence data compared 
herein. Measured variables such as, NH4+ reduction, and effluent NO3- and NO2- were 
then compared to the NMS ordination results and by using linear regression models. 
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The correlation coefficients between each environmental variable and the NMS axis 
scores are presented on the ordination plots as vectors from the origin. The vectors 
relative length and direction indicate the extent of the correlation. 
 
4.2.7 Statistical Analysis 
Experimental values are reported as the mean ± standard error. To analyze statistical 
differences between treatments, one-way and two-way analysis of variance (ANOVA) 
coupled with Tukey’s post-hoc analysis using the open source statistical software R 
(v.2.15.1) was used. Differences were considered significant for p-values ≤ 0.05 [140]. 
Marginal significance was considered for p-values ≤ 0.10. In addition, linear regression 
analysis was also completed using R and significance was again determined using 
ANOVA. 
 
4.3 Results and Discussion 
The results obtained from the SBRs coupled with anaerobic digesters are provided 
below. 
 
4.3.1 TCS Concentrations 
TCS stock concentrations were quantified to verify the correct dosage was being applied 
to the SBRs. For the SBRs, 93.6% (± 1.0%) of the spiked stock compound was recovered. 
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Concentrations were not measured within the reactors because they were being fed fresh 
SWW with TCS 6 times each day and new SWW with TCS was made every 3 days. As 
stated earlier, the TCS concentration was selected to achieve a final biosolids 
concentration of 30 to 50 mg/kg. The concentrations measured in the digested control 
and TCS biosolids were significantly different from each other and were 2.85 ± 0.69 
mg/kg for the control SBR and 82.7 ± 11.1 mg/kg from the TCS dosed SBR. The aqueous 
portions comprised 1.48 ± 0.43% and 4.06 ± 0.35% for the control and TCS biosolids, 
respectively. Published TCS concentrations measured in biosolids range from 0.09 
mg/kg, all the way up to 133 mg/kg [23, 42, 44, 53, 54, 59, 157, 169-172]. Of this data set, 
the average concentration was calculated to be about 4.9 mg/kg (note that this average 
was based on published data where in many instances, only ranges were provided). 
Thus, while the concentration in the control was higher than expected, the control and 
the TCS biosolids fall on the lower and higher ends of the published range of values, 
respectively. The higher than expected concentration for the control biosolids was likely 
due to background concentrations in the anaerobically digested sludge used for 
inoculum, from inoculum activated sludge that remained in the SBR after steady state 
was reached, or from external contamination due to high use of TCS containing 
domestic products (dishwashing detergent, etc.,). The biosolids aged with TCS were 
noticeably higher than what was estimated, but this was likely due to differences 
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between the conditions within the SBR and the soil and biosolids used to develop the 
adsorption isotherms, such as pH. 
4.3.2 Reactor Characteristics 
Throughout the operation of the SBRs, TSS, pH and DO were monitored and can be seen 
in Table 2. For all of the characteristics, there was no significant difference between 
treatments within a replicate Control A vs. TCS A and Control B vs. TCS B). However, 
the DO, control influent and reactor pH, and TCS reactor pH were significantly different 
between A and B (p-value = 0.002). 
 
Table 2: SBR characteristics (mean values). 
Characteristic 
A Replicates (n=10) B Replicates (n=11) 
Control TCS Control TCS 
TSS (mg/L) 2,370 ± 222 2,248 ± 217 3,084 ± 202 3,327 ± 275 
DO (mg/L) 7.461 ± 0.15 4.21 ± 0.66 
Influent pH 6.74 ± 0.15 6.7 ± 0.13 6.38 ± 0.05 6.42 ± 0.14 
Reactor pH 7.73 ± 0.12 7.78 ± 0.09 7.37 ± 0.07 7.33 ± 0.06 
Effluent pH 7.85 ± 0.05 7.95 ± 0.06 7.74 ± 0.13 7.74 ± 0.12 
 
4.3.3 Treatment Efficiencies 
Removal of COD, PO43-, and NH4+,were examined to determine if the addition of TCS 
had any impact on treatment efficiency (Figure 6). COD removal was maintained 
between 86 and 100% throughout the entire operation of both Control and TCS SBRs 
and there was no significant difference between the two treatments.  COD removal was 
not impacted by the addition of TCS, which was consistent with a previous study 
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showing only a minor effect on organic substrate removal at much higher concentrations 
(6.9 μM) [156]. Similarly, PO43-, was not impacted by the addition of TCS. There was a 
significant difference between SBRs receiving the same inoculum. Both Control A and 
TCS A reach nearly completed PO43- removal, whereas Control B and TCS B reached a 
maximum of about 10 to 20% removal. The difference between the replicates for A and 
B, was most likely due to differences in the inoculum activated sludge or in the 
measured DO. Recall that Control A and TCS A received activated sludge that was 
collected from the same wastewater treatment plant, but at a different time than Control 
B and TCS B. In addition, the DO was significantly different between replicates A and B. 
Because biological phosphorus removal only occurs under anaerobic conditions, the 
higher DO in the B replicates during aeration could have led to higher DO during the 
anoxic/anaerobic cycles of the SBRs and decreased removal of NO3 –and therefore, 
decreased phosphorus removal. While a static influent feed was used to promote 
phosphorus removal in this study, simultaneous nitrogen and phosphorus removal can 
be difficult to achieve in an SBR [159]. Regardless, there was no difference in PO43- 
removal at steady-state conditions between the treatments when SBRs that received the 
same inoculum were compared. 
 NH4+, was greatly impacted by the addition of TCS. Again, there was a significant 
difference between replicates A and B at startup; Control A and TCS A had lower initial 
NH4+, removal than Control B and TCS B. Again, this was most likely due to differences 
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in the inoculum.  However, both of the Controls reached steady-state at greater than 
92% NH4+, removal within the first week of operation, whereas TCS A and TCS B took 42 
and 63 days to reach steady-state removal at that level, respectively. Inhibition of NH4+, 
removal could be attributed to the bacterial communities slowly acclimating to TCS, 
however, inhibition continued past 30 days (3x SRTs) when the solids from the inoculum 
should have already been removed. In addition, temporary inhibition of nitrification 
was also observed by Stasinakis et al. [156] at albeit at a slightly higher TCS 
concentration of 1.73 μM. The increased sensitivity to external changes and slower 
growth rate of autotrophic nitrifiers compared to the heterotrophic bacteria responsible 
for COD removal, likely explains why TCS impacted NH4+, removal, but not COD 
removal in this study [142, 173]. NH4+,is removed from wastewater treatment plants by 
ammonia oxidizing bacteria (AOB) and inhibition of these organisms, such as that 
shown in this study could result in the WWTP exceeding effluent nutrient permit levels. 
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A. COD removal. 
 
B. PO43- removal. 
 
C. NH4+ removal. 
 
Figure 6: COD, PO43-, and NH4+, removal 
percentages. Error bars represent one standard 
error. 
 82 
Effluent NO3- and NO2- concentrations were also measured (Figure 7). For both 
the Controls and the TCS SBRs, the effluent NO3- and NO2- concentrations were much 
more variable than COD and PO43- removal, and unlike NH4+, removal, were more 
variable for both the control and TCS SBRs until around Day 58. After Day 58, the NO3- 
effluent concentrations for the TCS replicates was 3.9 ± 0.16 mg/L, which was 2.4 times 
greater than the NO3- effluent of the controls (1.7 ± 0.08 mg/L) and was significant.. 
Similarly, after Day 58, the NO2- effluent of the TCS replicates reached a steady-state 
concentration of 8.7 ± 0.75 mg/L. The mean NO2- concentration of the controls after Day 
58 was 7.7 times lower at 1.1 ± 0.78 mg/L, but was still trending towards 0 when the 
reactors were stopped. The difference between control and TCS NO2 after Day 58 was 
significant. These data suggest that while AOBs were inhibited temporarily, the nitrite 
oxidizing bacteria (NOB), which complete the second step of nitrification (i.e., oxidation 
of NO2- to NO3-) and denitrifiers were inhibited by the addition of TCS on a more long-
term basis. In addition, the concentration used in this study (0.73 μM) was lower than 
the concentration shown to significantly inhibit denitrification by the common soil 
denitrifier Paracoccus denitrificans PD1222 (1.04 μM) (Chapter 3), and lower than 
concentrations shown to inhibit denitrification in other studies [154, 156, 157].  
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A. NO3- in effluent. 
 
B. NO2- in effluent. 
 
Figure 7: Effluent nitrate and nitrite concentrations. 
Error bars represent one standard error. 
 
4.3.4 Digestion Characteristics and Performance 
Solids were wasted to the anaerobic digesters for 47 days from Control B and TCS B 
SBRs. On the final day of SBR operation (Day 77), the entire idle-volume of the SBRs 
were emptied into the corresponding digesters. The TKN, phosphorus (as P2O5), and 
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potassium (K2O) concentrations, and pH measured in the control biosolids were 4,667 ± 
273, 1,028 ± 22, and 182 ± 3.1 mg/kg, and 6.68 ± 0.04, respectively. In the TCS biosolids, 
the values were 3,777 ± 82, 781 ± 7.9, and 153 ± 0.64 mg/kg, and 6.71 ± 0.02, respectively. 
The TSS of the control and TCS biosolids was 5,877 ± 46.4 and 6,223 ± 132 mg/L, 
respectively. TKN, P2O5, K2O, and OC values of the biosolids generated in this study 
were approximately an order of magnitude lower than those reported for typical 
biosolids [174]. However, when the TKN, P2O5, and K2O concentrations were normalized 
to TSS, there were no significant differences between the two biosolids treatments 
(calculated in Chapter 5). The total gas produced by the control and TCS digesters were 
19.3 and 14 L, respectively. The concentration of methane within the digester gas was 
15.1 ± 1.5 and 13.9 ± 1.9 g/m3, respectively. Neither the volume nor methane 
concentration was significantly different. Still, any difference between the values was 
most likely due to the difference in TSS. 
 
4.3.5 Impacts on Microbial Community Structure 
T-RFLP of the housekeeping gene, 16S rDNA was completed on Control B and Triclosan 
B SBRs to examine the impact of TCS on microbial communities. The relative abundance 
of fragments compared to the control is shown in Figure 8. For both the control and TCS 
fed SBRs, the number of species increased over time. Whereas the control and TCS SBRs 
were not significantly different at day 0, on day 34 and 56 the TCS fed SBRs had 
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significantly lower number of species. However, looking at the species abundance alone 
does not provide information regarding any differences in composition of the microbial 
communities – samples with the same number of species (i.e., fragments) may not 
necessarily have the same species. To examine the differences between the microbial 
communities a NMS ordination analysis was completed. 
 
 
Figure 8: Relative abundance of species in SBRs over 
time. (@) indicates a significant difference from Day 0 
(p-value ≤ 0.05). (#) indicates a significant difference 
from the control at the same sample day (p-value ≤ 
0.05). ($) indicates a marginal significant difference from 
the control at the same sample day (p-value ≤ 0.10). 
Values > 1 indicate an increase in the number of species 
compared to Day 0. Error bars represent one standard 
error. 
 
The convergent, final NMS ordination solution for 16S is in Figure 9. The stress of the 
NMS plot solution was 0.082, which indicates a strong correspondence between the 
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distances among points. R values for the first and second axes were 0.61 and 0.31, 
respectively (total R = 0.92). Figure 9 shows that at Day 0, the control and TCS 
communities are similar, but become less similar until Day 41. On Day 41, the 
communities within the control and TCS SBRs appear to be similar again and then 
increase in difference by Day 63. This suggests that the microbial communities, 
predominated by the nitrifiers and specifically the AOBs, may have assimilated to TCS 
around Day 41, which was supported by the NH4+, NO3-, and NO2- data. On Day 63, the 
differences in microbial communities could be due to differences in the NOBs. 
 
 
 
Figure 9: NMS ordination analysis of 16S in SBRs. (C) 
indicates control SBR samples. (T) indicates TCS SBR 
samples. 
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4.3.6 Implications of TCS on Wastewater Treatment Plant 
Performance 
This study indicates that biological processes associated with nitrogen removal 
(nitrification and denitrification), may be impacted by TCS entering the wastewater 
treatment plant regardless of the starting microbial community. However, while NH4+ 
removal was temporarily inhibited, elevated levels of NO3-and NO2- in the effluent of the 
TCS fed SBRs, suggest longer-term impacts on NOB and denitrifiers. No inhibition was 
observed for COD removal, which is completed by heterotrophic microorganisms that 
grow more rapidly and are less sensitive than the autotrophs that carry out nitrification 
[142, 173]. PO43- also was not impacted by TCS. However, due to less frequent sampling, 
and as a result, limited available data, a complete statistical analysis of PO43- on the 
microbial communities could not be completed. Because phosphorus removal is tied to 
nitrification (phosphorus removal requires anaerobic conditions), the impacts of 
phosphorus removal by TCS should be examined in more depth. The results in this 
study indicate that wastewater treatment could be negatively impacted by TCS 
concentrations as low as 0.73 μM and that in the short-term, existing plants receiving 
influent with TCS at these concentrations could be operating at less than optimal 
performance. However, it is expected that the continued addition of TCS in the influent 
would select for resistant bacteria, and eventually microbial community would 
acclimate and wastewater treatment processes, and efficiencies, will likely be restored. 
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5. Evaluating the Community Structure and Functional 
Impacts of Soil Denitrifying Bacteria in Containers 
Amended with Laboratory Generated Biosolids Aged 
with Triclosan 
The following chapter describes the research completed to address Objective 4. 
 
5.1 Introduction 
Processing and disposal of solids generated during the secondary treatment make up a 
significant portion of wastewater treatment plants’ cost and operations [142]. Land 
application is the most cost effective approach for disposing solids (a.k.a., biosolids) and 
accounts for approximately 50% of wastewater solids disposal in the U.S. [1]. Biosolids 
are land applied to recover their macronutrients, primarily nitrogen and phosphorus, 
and as an alternative to incineration or landfilling. In fact, until the practice was banned 
in 1991, ocean dumping accounted for nearly 5% of disposal [26]. Land application of 
biosolids has been used for decades as a widely accepted beneficial reclamation method, 
and the biosolids must meet the established regulatory levels for nutrients, heavy 
metals, and pathogens established under 40 CFR Part 503. 
A major drawback to land application, however, is the potential environmental 
release of non-regulated organic contaminants, which accumulate in biosolids during 
the wastewater treatment process. Much recent research has been performed to identify 
and quantify the presence of emerging contaminants in biosolids. A recent literature 
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review of these studies identified 516 different organic chemicals in biosolids measured 
around the U.S. [6]. Of these, 83% were not on the U.S. Environmental Protection 
Agency (EPA) established list of priority pollutants and target compounds. Still, 
research to determine the ecotoxicity of these organic contaminants once land applied, is 
limited. Determining ecotoxicity of these compounds is of particular concern because the 
compounds that are likely to accumulate in biosolids are commonly lipophilic, 
hydrophobic, and non-ionic, making these chemicals particularly persistent and 
bioaccumulative [6]. In addition, because many of the compounds found in biosolids are 
specifically designed to elicit biological modifications (e.g., kill microorganisms), there is 
a risk that these compounds will disrupt ecologically important microbial soil functions 
(i.e., carbon, nitrogen, and phosphorus cycling), decrease soil productivity, and 
ultimately affect the long term viability of these ecosystems, resulting in unforeseen 
economic and social costs [35-38]. Therefore, there is a clear need to characterize the 
effects of novel contaminants on soil ecological health. 
Many of the over 500 contaminants already identified in biosolids are associated 
with domestic products, including flame retardants, pharmaceuticals and personal care 
products (PPCPs), pesticides, surfactants, and antimicrobial agents [6]. One common 
class of contaminants found in biosolids, the antimicrobial agents, are of particular 
concern because they are designed to deactivate microorganisms and are heavily used in 
the U.S., with over an estimated $1 billion in yearly sales [16]. Triclosan (TCS) is one of 
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the most commonly found antimicrobial agents in biosolids, and has been measured on 
average at concentrations of 4.9 mg/kg dry weight (note that this average was based on 
published data where in some instances, only ranges were provided) up to 113 mg/kg 
dry weight [53]. Such high concentrations are a result of the widespread use, easy 
disposal, and chemical characteristics of TCS and products that contain TCS. Greater 
than 95% of the TCS produced is used in personal care products (PCPs) such as, 
shampoos, soaps, detergents, and toothpaste, among many others, which are mainly 
washed down residential drains [43]. In addition, TCS has an octanol-water partitioning 
coefficient (Log Kow) of 4.8, an acid dissociation constant (pKa) of 7.9, a solubility of 
approximately 6.9 to 13.8 μM, and a soil half-life greater than 266 days [44-46]. These 
characteristics allow TCS to partition readily to solids during wastewater treatment and 
be persistent and bioaccumulative (non-ionic) under ambient conditions. Furthermore, 
once applied, TCS has been shown to accumulate in the soil and plants grown in 
biosolids-amended soil [29, 35-38, 152, 175, 176]. 
The general toxicity of TCS on microorganisms has been well characterized. At 
high concentrations, TCS’ mode of action consists of post-translational inhibition of the 
enoyl-acyl carrier enzyme (FabI), which blocks fatty acid biosynthesis, and eventually 
leads to a compromised membrane [68, 69]. At low concentrations, TCS has been shown 
to have some impact on membrane-associated gene expression [70, 71]. In addition, the 
range of inhibitory concentrations of TCS for microorganisms have been reported to be 
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0.863 to 276 μM [124]. Many of these studies comprise general toxicity studies where the 
levels of mortality of a given pure-culture microorganism were determined at various 
concentrations of TCS. Few studies have examined the impact of TCS on other microbial 
process endpoints in pure culture or under environmental conditions. Of those, most of 
the studies have focused on biological processes in wastewater treatment. For example, 
median effective concentrations (EC50) of 6.29, 34.4, 69.1, and 825 μM were reported 
based on biochemical oxygen demand (BOD) degradation, ammonium uptake, oxygen 
consumption, and glucose utilization [76, 155]. Other studies reported impacts on 
nitrification in activated sludge and denitrification in liquid media by a model soil 
microorganism at 1.73 and 1.04 μM, respectively [154, 156]. The impact of TCS on soil 
microorganisms is also limited. Several studies showed impacts of TCS on soil microbial 
processes, but were confined to spiking TCS directly into the soil. Because of the 
important role organic carbon (OC) can play in adsorption, values for each study are 
shown in parentheses. For one study that spiked TCS, negative impacts on microbial soil 
activity were observed at 5 mg/kg (OC = 8.5 mg/kg), 50 (OC = 8.5 to 18.5 mg/kg), based 
on soil respiration and nitrate (NO3-) and nitrite (NO2-) production (nitrification) and 
enzyme activity, respectively [177]. Two other studies showed negative, but temporary 
impacts on soil microbial communities. Liu et al. [35] and Butler et al. [178], showed 
temporary inhibition of soil respiration at 10 mg/kg of TCS (OC = 17 to 28 g/kg) for 4 and 
7 days, respectively. Liu et al., [35] also reported temporary inhibition of phosphatase 
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activity (2 days) at 0.1 to 50 mg/kg (no OC data provided). One study, reported no 
inhibition of nitrification at < 2 mg/kg (no OC data provided) [179]. Because TCS 
partitions readily to solids, which could potentially reduce the bioavailability of TCS, 
and thus its toxicity, several other studies spiked TCS into biosolids before mixing them 
with soil. Pannu et al. [152] measured no significant difference in CO2 evolution and 
NH4+-N uptake and NO3--N+NO2--N release at TCS concentrations ≤ 10 mg/kg (soil OC= 
11 to 48 g/kg, biosolids OC = 250 mg/kg) [152]. Park et al. [180], however, found a 
significant decrease in biomass at 10 to 50 mg/kg after 7 to 30 days, but did not see a 
significant effect on microbial diversity compared to the control, as measured by 
phospholipid fatty acids (PLFA) (soil OC = 10.8 mg/kg and biosolids OC = 350 g/kg). The 
study did find increased indicators of stress in TCS dosed biosolids [180].  Lastly, 
Harrow et al. [181] showed a decrease in heterotrophic community diversity after 10 
weeks in soil amended with TCS-dosed greywater (6.91 μM). Not only were the 
amended soil concentrations in all of the studies very high, in the parts per million 
range, these studies do not properly account for aging as TCS was directly spiked into 
biosolids before applying to soil. In a critical review, Alexander [153] showed that 
bioavailability, and therefore the toxicity of a chemical is greatly impacted by the time a 
chemical was partitioned to solids (i.e., biosolids or soil). Presumably then, the 
bioavailability of TCS in wastewater treatment plant biosolids, which can take months to 
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produce, would be greatly different than the bioavailability of TCS spiked into biosolids 
and mixed with soil within a few min to h [152, 180]. 
Thus, to address the TCS bioavailability limitations in the previous study, the 
scope of the present study was to assess the impact of biosolids aged with TCS on soil 
microbial function and community structure after land application. To this end, 
laboratory biosolids were generated using sequencing batch reactors (SBRS) coupled 
with anaerobic digesters. The SBRs were fed synthetic wastewater (SWW) dosed with 
TCS at a concentration that produced biosolids that reflected those reported in the 
literature. To our knowledge, this is the first time that biosolids aged with a specific 
organic contaminant were generated in the laboratory with the intent of determining 
ecological impacts. Soil denitrifiers were targeted to assess the impacts of the biosolids 
on soil microbial communities based on our previous research that identified these 
organisms as potential models for ecotoxicological testing [154]. 
 
5.2 Materials and Methods 
The following section describes the methods that were used for the research that 
contributed to this chapter. 
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5.2.1 Plant Container and Growth-Chamber Setup 
Fifteen 11.3 L Nursery Supplies, Inc. high-density polyethylene (HDPE) containers 
(diameter = 26.7 cm, height = 24.1 cm) obtained from Fifth Season Gardening (Carrboro, 
NC) were used to contain the soil. Each container had pre-cut holes in the bottom for 
drainage. New York Wire Aluminum screen wire was placed at the bottom of the 
containers to prevent sediment washout (Hanover, PA). Local soil was obtained from 
Sands and Soils (Durham, NC), which was harvested from wooded area that had never 
been amended with biosolids. Native North Carolina (NC) soil was used instead of 
manufactured soil to encourage the propagation of native soil denitrifying communities. 
The soil was placed on and covered by a plastic tarp, and manually mixed once per day 
for 4 days to homogenize. Approximately 15 kg of soil was added to each container. The 
containers with soil were then placed on supported wire drainage shelves in a two-story, 
constructed growth-chamber (Figure 10). A 20.3 x 20.3 cm Handi-Foil aluminum 
rectangular container (Wheeling, IL) was placed under each plant container to collect 
any drainage, however, no substantial drainage was observed throughout the 
experiment. 
The frame of the growth-chamber (2 m x 0.69 m x 1.2 m) was constructed from 
untreated lumber. Each of the two levels was 0.6 m in height, leaving 35.6 cm between 
the top of the chamber level and the top of the containers. The front and sides of the 
growth-chamber were covered with black and white polyethylene reflective material 
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from Fifth Season Gardening (Asheville, NC) and secured with Velcro. The back of the 
growth-chamber was covered with Walmart Great Value black garbage bags 
(Bentonville, AR). The Sun System Sun Blaze T5 Strip Light fixtures, each with 2,500 °K, 
blue, high output fluorescent lights were specifically selected to encourage indoor plant 
growth and to reflect field conditions by covering the entire ultra-violet (UV) spectrum. 
Five lights, 30.5 cm apart were placed on each level 26.8 cm above the top of the plant 
containers and were turned on for 12 h per day. A 50.8 cm Holmes in box fan (Milford, 
MA) was set up on each level in order to provide air circulation. Also, each level had a 
Sunpentown 7.6 L ultrasonic humidifier (Industry, CA) to maintain morning and 
afternoon relative humidities between 60 and 80%, which were typical values reported 
for Raleigh, NC [182]. Ultrasonic humidifiers were selected to allow for more control 
over temperature (as opposed to warm mist humidifiers) and to reduce biofilm buildup 
within the machine and possible cross-contamination. The temperature was maintained 
between 18 and 27 °C, which was consistent with the average daily minimum and 
maximum air temperatures recorded by the whether station at the North Durham Water 
Reclamation Facility for January 1 to December 31, 2013 (Durham, NC) [183]. Both 
temperature and relative humidity were monitored with a Mondi Mini Greenhouse 
Thermo-Hygrometer (Vancouver, B.C., Canada). The growth lights and thermo-
hygrometer were obtained from Fifth Season Gardening (Carrboro, NC). All cycling 
components (lights, humidifier, and fans) were controlled with GE Digital SunSmart 
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timer-controllers (Fairfield, CT). All plant container and growth-chamber parts were 
rinsed prior to assembly with high-pressure liquid chromatography (HPLC) grade 
acetone, hexane, and methanol obtained from Sigma Aldrich (Milwaukee, WI). 
 
 
Figure 10: Growth-Chamber with plant containers. 
 
5.2.2 Biosolids Development 
A description of the setup and operation of the SBRs coupled with anaerobic digesters 
has been reported elsewhere (Chapter 4) [154].  Briefly, two glass SBRS with silicone 
seals were set up in parallel that were capable of treating up to 23 L/day of SWW [161].  
One SBR was fed SWW (a.k.a., Control SBR) and one was fed SWW dosed with 0.73 μM 
of TCS (a.k.a., TCS SBR). The SBRs were operated on 6 h cycles that designed to promote 
nitrification and phosphorus removal. The tanks were also completely covered with 
aluminum foil to limit photodegradation of TCS. Further, each SBR was attached to an 
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anaerobic digester made from 19 L solvent-rinsed, glass carboys. The digesters were 
kept in a container to block light and in a water bath heated to 27 °C. Every 3 days 
throughout the study, the digesters were mixed manually to ensure complete digestion. 
The SBRs were initially spiked with 9 L of activated sludge taken from the North 
Durham Water Reclamation Facility (NDWRF, Durham, NC), which currently treats 20 
MGD and completes biological nutrient removal of BOD, NH4+, and phosphorus. After 
30 days of operation, when steady-state conditions were reached, 250 mL of solids were 
decanted daily to the anaerobic digesters. Immediately prior to sending solids to the 
digesters, the digesters were inoculated with 100 mL of anaerobically digested sludge 
from the NDWRF (Durham, NC) and sealed. The headspace in the digesters was then 
evacuated and flushed with nitrogen gas at atmospheric conditions. Anaerobic 
conditions were maintained throughout the operation of the digesters. Two hundred 
and fifty mL of waste was then pumped to each of the reactors per day for 47 days, and 
when the SBRs were shutdown, all remaining solids from the SBR were pumped to the 
digesters. The digesters were then isolated from the SBRs and digestion commenced for 
20 days. When digestion was complete, the biosolids from the Control SBR (a.k.a., 
Control biosolids) and the TCS SBR (a.k.a., Aged TCS biosolids) were analyzed for TCS 
concentration, TSS, VSS, Total Kjeldahl nitrogen (TKN), phosphorus, potassium, and 
pH. 
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5.2.3 Biosolids Application and Sampling Protocol 
Twenty four h prior to biosolids application, 3 L of mixed biosolids from the Control 
SBR were removed and placed in a 4 L Erlenmeyer flask covered in aluminum foil. 
Using a Hamilton Syringe (Hamilton Company, Reno, NV), stock TCS in HPLC-grade 
acetone was added to the flask to yield a concentration of 1.76 μM or an estimated 
concentration based on the control biosolids total suspended solids (TSS) (7,346 mg/L) of 
70 mg/kg. The biosolids spiked with TCS (a.k.a., Spiked TCS biosolids) were then mixed 
with a solvent rinsed stir-bar on a stirplate for 24 h at 500 rpm. The biosolids spiked with 
TCS were made to serve as a comparison to the aged biosolids (Control and Aged TCS 
biosolids). 
On the start day of the experiment, the control biosolids, biosolids aged with 
TCS, and biosolids spiked with TCS were added to the plant containers and were mixed 
in the top 4 in of soil using a scupula to mimic tilling conditions. First, the carboy or 
flask was mixed by hand and then poured into a solvent rinsed 1 L graduated cylinder, 
which was then slowly poured onto the soil in each container. In order to add the same 
mass of solids to each treatment, 0.84 L of the control biosolids and biosolids spiked with 
TCS and 1 L of the biosolids aged with TCS were added to the containers. Six containers 
received control biosolids and biosolids aged with TCS and 3 containers received 
biosolids spiked with TCS. Raw TSS, TKN, phosphorus (as P2O5), potassium (as K2O), 
pH and TCS values were reported in Chapter 4. Values normalized to TSS are shown in 
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Table 3. The TKN added to each container corresponded to an agronomic rate of 98 
kg/m2 which falls in the range of typical alfalfa values for NC [184]. As stated in Chapter 
4, the TCS concentrations measured in the digested control and TCS biosolids were 
significantly different from each other and were 2.85 ± 0.69 mg/kg for the control SBR 
and 82.7 ± 11.1 mg/kg from the TCS dosed SBR. The majority of the TCS was partitioned 
to the solids in the biosolids, and the aqueous phase comprised 1.48 ± 0.43% and 4.06 ± 
0.35% for the control and TCS biosolids, respectively. The TCS concentrations in the 
control and biosolids aged with TCS were consistent with low and high ranges of the 
published biosolids concentrations [23, 42, 44, 53, 54, 59, 157, 169-172]. TCS 
concentrations were measured approximately 2 weeks prior to application in order to 
develop application rates and were not measured again prior to application. 
 
Table 3: Physical-chemical properties of the Control and TCS Biosolids. 
Physiochemical Property (mg/L) Control Biosolids TCS Biosolids 
TSS (mg/L) 6220 ± 48.2 6220 ± 131 
TKN (mg/L) 3950 ± 232 3780 ± 81.7 
P2O5 (mg/L) 817 ± 18.2 781 ± 7.91 
K2O (mg/L) 154 ± 2.58 153 ± 0.636 
pH 6.68 ± 0.037 6.71 ± 0.015 
TCS (mg/kg) 2.85 ± 0.069 82.7 ± 0.015 
 
Following biosolids application, soil samples were taken from each container. 
Specifically, 4 to 5 cores were taken from the entire depth of each container using a 
modified aluminum soil corer. The cores were then placed on aluminum pie-tins, 
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homogenized with a scupula, and distributed to storage containers for further 
downstream processing. Separate scupulas and aluminum food containers (diameter = 
24.1 cm, height = 3.81 cm) were used for each plant container and were solvent rinsed 
prior to sampling. For the Denitrifying Enzyme Activity (DEA) assay, duplicate 5 g 
samples were distributed directly to the 125 mL Kimble Chase Kimax glass Erlenmeyer 
flasks with ground glass tops (Vineland, NJ). Triplicate 5 g samples were placed in 
volatile organic analysis certified Thermo Scientific 50 mL amber vials with 
silicone/polytetrafluoroethylene (PFTE) septum in polypropylene caps (Waltham, MA), 
stored at -80 °C for TCS analysis. Duplicate 1.5 g samples were placed in 1.5 mL 
microcentrifuge tubes and stored at 20 °C for DNA extraction and microbial community 
analyses. Forty g samples were placed in VWR 50 mL polypropylene centrifuge tubes 
for TKN, OC, and pH analyses and stored at -80 °C (Radnor, PA). Lastly, triplicate 2 g 
samples were placed in 50 mL centrifuge tubes and stored at 4 °C for dry weight, ash 
content, and moisture content analyses. Soil sampling was repeated 1, 7, 28, and 84 days 
after biosolids application. Again, all sampling utensils were solvent rinsed prior to each 
use. 
Alfalfa seeds were planted in the top 1.27 cm in triplicate containers that received 
the control biosolids and the biosolids aged with TCS 24 h after biosolids application. No 
replicates with plants were set up for the containers that received biosolids spiked with 
TCS. Alfalfa was selected because of its low nitrogen agronomic rate, which required 
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less biosolids to be generated. HybriForce – 2400 Alforex Alfalfa Seeds from the 
Dairyland Seed Company (Clinton, WI) were selected because they grow well indoors, 
are surface sterilized, and do not require inoculation with N fixing microorganisms for 
germination. Seeds were applied to the containers at a rate of 25 pounds per acre, which 
was within the recommended range for broadcasting alfalfa seeds [185]. On day 84, after 
soil samples were collected, all of the available alfalfa biomass was collected, rinsed with 
DI water, and weighed. The samples were then wrapped in aluminum foil and stored at 
-80 °C for future analysis (not completed in this study). 
Throughout the extent of the experiment, the containers were watered with DI 
water every other day to keep the soil moist. Specifically, the containers were watered 
until the soil at the bottom of the container was observed to be moist, but was stopped 
before the water drained from the soil. While there was no substantial flow-through, any 
water that did drain was dumped back on the soil. Water was distributed using a 
Chapin 7.6 L plastic tank sprayer (Batavia, NY). 
 
5.2.4 Analytical Methods 
Methods used to measure TSS, TKN, P2O5, K2O, pH and TCS values in the laboratory-
generated biosolids were reported in Chapter 4. The TCS concentration in the biosolids 
spiked with TCS was not measured because the entire volume was used during 
application. TKN, OC, and pH of the biosolids-amended soil samples in this study were 
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measured by Waters Agricultural Laboratories, Inc. for days 0 and 84 only (Georgia 
USA). Samples for TKN, OC, and pH were taken, however, analyses were only 
completed on the initial and ending time point samples to determine any overall 
changes throughout the experiment. Dry weight and moisture and ash content were 
determined by first aliquoting triplicate 2 g samples to 57 mm VWR aluminum dishes 
(Radnor, PA). Then the samples were covered with aluminum foil and dried at 105 °C 
for 24 h. After 24 h, the samples were weighed, covered, baked at 550 °C for 3 h, and 
weighed again. Moisture content was calculated by dividing the difference between the 
initial weight and weight after baking at 105 °C, by the initial weight. The dry weight 
was calculated as 1 minus the product of the moisture content and the initial weight. 
Ash content was calculated by dividing the difference between the initial weight and the 
weight after baking at 550 °C, by the initial weight. 
Because the focus of this study was to examine the impacts of applying biosolids 
aged with TCS on microbial communities in agricultural soil and not the fate of TCS, 
TCS was only measured on day 0. For day 0 samples, TCS was measured in triplicate 
following methods previously described for biosolids [139]. Samples for other sampling 
time points were not analyzed and changes in TCS were considered to be consistent 
between all of the containers. One of the limitations of the analytical methods used 
herein was that the methods require solvents to extract the compound from the soil and 
thus it is impossible to differentiate between the bioavailable and non-bioavailable 
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portion of the contaminant available to the microorganisms. Thus, while additional 
measurements could have provided information regarding any changes in the overall 
TCS concentration in the soil over time (e.g., through degradation), limited information 
on the amount of TCS resulting in toxicity would be obtained [153]. 
 
5.2.5 Functional Impact Analysis 
The DEA assay was used to measure the functional activity of the denitrifiers in the soil 
samples. Specifically, the DEA assay measures potential denitrification, which is the 
amount of NO3- that can be denitrified when carbon and NO3- are in excess under 
anaerobic conditions [186]. Duplicate, 5 g homogenized soil samples from each container 
were measured using the method published previously [127] and modified [187]. Gas 
samples were collected in 9 mL gas vials crimp capped with butyl stoppers that were 
flushed with nitrogen gas (N2) and evacuated as previously described [127]. Vials, butyl 
stoppers, and aluminum crimp caps were obtained from Grace Davison Discovery 
Science (Deerfield, IL). Nitrous Oxide (N2O) in the gas samples was measured on a 
modified Shimadzu gas chromatographer (GC) 17A version 3 (Kyoto, Japan) and 
Tekmar headspace autosampler (Vernon, BC, Canada) within 7 days. The GC was 
retrofitted in 2007 with a methanizer, ECD, flame ionization detector (FID), and Valco 
Instruments Co. Inc. valves (Houston, TX) to approximate the GC-2014 Greenhouse Gas 
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Analyzer. Relative denitrification rates were then calculated by normalizing the 
production of N2O in a treatment by the Day 0 measurement of each treatment. 
 
5.2.6 DNA Extraction 
Total DNA was extracted from all replicates on all days using the MO BIO PowerLyzer 
PowerSoil DNA Extraction Kit (Carlsbad, CA). All extractions were performed 
following a modified version of the manufacturer’s protocol [164]. Briefly, after the 
addition of reagent C1, 400-500 μL of 25:24:1 phenol/chloroform/IAA obtained from 
Sigma-Aldrich was added to each tube and vortexed (Milwaukee, WI). Following, 
instead of homogenizing the samples, the samples were placed on a horizontal shaker at 
maximum speed for 5 min. Also, 25 μL of eluent buffer (C6) was added to the glass 
microfiber white filter membrane, the samples were incubated for 5 min and centrifuged 
for 30 s at 13,000 rpm. This step was then repeated. The samples were then stored at -20 
ºC for further microbial community impact analysis. 
 
5.2.7 Community Impact Analysis 
Changes in the abundance and diversity of total bacteria and denitrifying populations 
were used to measure impacts of biosolids aged and spiked with TCS on community 
structure. Specifically, the absolute abundance of the reference gene (16S rRNA) as well 
as the functional denitrifier genes, NO2- reductases (nirS and nirK) and N2O reductase 
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(nosZ), was quantified by quantitative polymerase chain reaction (qPCR). Terminal 
Restriction Fragment Length Polymorphisms (T-RFLP) of the same denitrifier genes and 
reference gene was completed to determine changes in diversity. 
To measure abundance, following DNA extraction, the Zymo DNA Clean & 
Concentrator-5 kit was used to purify the samples. A spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA) was then used to verify the concentration and purity of the 
DNA. The DNA was then diluted with RNase and DNase free autoclaved water to 1.67 
ng/μL. Absolute quantification of nirS, nirK, nosZ, and 16S rDNA was performed on a 
Stratagene Mx3000p real-time PCR apparatus (Cedar Creek, TX) using iTaq SYBR Green 
Super Mix with ROX binding dye (Bio-Rad, Hercules, California). Previously published 
primers were used for nirS [188], nirK [86], nosZ (NosZ1) [189], and 16S rRNA (U519F 
and E685R) [135, 136]. The qPCR reaction for nirS, nirK, and nosZ consisted of 4.31 μL 
RNase free, DNase free, autoclaved water, 12.5 μL of iTaq SYBR Green Super Mix with 
ROX binding dye, 1.28 μL of the forward and reverse primers (3.125 μM stock), 0.63 μL 
bovine serum albumin (BSA), and 5 μL each of diluted template DNA. BSA was 
obtained from New England Bio-labs Inc. (Beverly, MA). The reaction for 16S rRNA was 
the same as for the denitrifying genes except BSA was replaced with additional water of 
the same volume. Preliminary tests were performed to optimize the annealing 
temperature of the primers and showed that touchdown PCR conditions were not 
needed (shown in Appendix B). The annealing temperature for all primers was 
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determined to be 56°C, with the exception of 16S rRNA primers, which was 54 °C. 
Conditions for qPCR were 95 °C for 10 min, followed by 45 cycles at 95 °C for 30 s, 1 min 
at the respective annealing temperatures, 30 s at 72 °C, and dissociation curve to assess 
the quality of the primers. All samples were run in duplicate, and qPCR efficiencies 
between 90 and 110% and R2 value ≥ 0.985 were obtained. Purity of the amplified 
product was further verified by the observation of a single melting peak and the 
presence of a unique band of the expected size in a 2% agarose gel stained with ethidium 
bromide. In addition, no PCR inhibition was observed through serial dilutions of sample 
DNA. Results are reported as the absolute quantity ratios of the denitrifying genes nirS, 
nirK, and nosZ to the reference gene 16S relative to Day 0. The absolute quantity for 16S 
was reported relative to Day 0. To date, only single copies per genome have been found 
for the denitrifying genes. However, 16S rRNA can range from 1 to 15 copies per 
genome [190]. However, due to the diversity of denitrifiers, research with other 
reference genes is limited [91]. Thus, a major assumption in this study was that the 
average copies of 16S rRNA on the genome were the same for all treatments and that all 
prokaryotic microorganisms with 16S rRNA were impacted equally.  
To measure changes in diversity, following DNA extraction, a spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA) was used to verify the concentration and 
purity of the DNA. Replicates were kept separate before and after DNA extraction. PCR 
amplification on a GeneAmp 9600 thermal cycler (Applied Biosystems, Foster City, CA) 
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of bacterial 16S SSU rDNA gene fragments, nirS, nirK, and nosZ were performed as 
described previously [165, 191-193]. The primers, used for amplification were published 
elsewhere: 16S [165] (16S27F and 1392R), nirS [193] (nirS1F and nirS6R), nirK [194] 
(nirK1F and nirK5R), nosZ [192] (nos661F and bis1773R). The forward primer for 16S, 
nirS and nosZ gene fragments and the reverse primer for nirK were fluorescently labeled 
with 6-carboxyfluorescein (FAM). 
BSA was used in some of the reactions to limit primer dimer formation and 
humic acid interference, and MgCl2 was added as a cofactor for Taq polymerase and to 
stabilize the two strands of DNA. The 16S thermocycle profile given by Lukow et al. 
[165] was followed with the exception that 10 cycles were added to ensure total template 
DNA amplification. The nirS, nirK, and nosZ thermocycle profiles were also previously 
published by Braker et al. [193], Wolsing and Prieme [191], and Scala and Kerkhof [192], 
respectively. Again, 10 cycles were added to the profiles to ensure total template DNA 
amplification. Following amplification, the presence of the correct length PCR amplicons 
was confirmed via visualization on a 1% agarose gel containing 0.1% ethidium bromide. 
PCR amplicons were then purified using a Qiagen PCR Purification Kit (Qiagen, Hilden, 
Germany). The final PCR product concentrations and purity were again verified using 
the NanoDrop. 
The PCR amplicons were digested with restriction enzymes as described in 
Lukow et al. [165], Braker et al. [193], Wolsing and Prieme [191], and Scala and Kerkhof 
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[192], and for 16S, nirS, nirK, and nosZ, respectively. However, no BSA was used in the 
reactions as preliminary experiments showed interference. One hundred ng of purified 
PCR product and 10 U of restriction enzyme (New England Bio-labs Inc., Beverly, MA) 
were used for each reaction. Following incubation samples were stored at -20 °C until 
further processing by the Duke University DNA Analysis Facility. The Duke University 
DNA Analysis Facility desalted the samples through a spin column filtration and 
completed fragment analysis using an Applied Biosystems 3100 capillary sequencer 
(Foster City, CA) with POP6 polymer and ROX-labeled MapMarker 1000 size standards 
(BioVentures, Inc., Murfreesboro, TN). 
T-RFLP profiles were evaluated using Applied Biosystem’s Genescan v3.7.1 
analysis software (Foster City, CA). Manual inspection of each profile was completed to 
ensure only true peaks were chosen for statistical analyses. The raw data was then 
imported into T-REX in the following format; Dye/Peak, Sample File Name, Size, Height, 
Area in Point, Area in BP [167]. All peaks less than 50 basepairs (bp) were excluded from 
the analysis because they were possible primer dimer fragments. Also, only T-RFs with a 
minimum peak height threshold of 50 relative fluorescent units were used. T-REX was 
used to align the profiles based on the replicates using the “Environments” function in 
the software. Presence/absence data files were imported into PAST (Paleontological 
Statistics software) for data analysis [168]. Presence/absence was selected because 
presence/absence gives all species (each fragment) the same weight during analysis, 
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whereas, peak area is biased towards the abundance of a specific species (each 
fragment). Thus, presence/absence is especially important when species of low 
abundance are significantly impacted more by the treatments. Also, because of inherent 
biases with PCR, peak area measurements are only semi-quantitative. After the data 
were analyzed, the relative species abundances on each sampling day was calculated, 
which was the ratio of the number of peaks present in each treatment to Day 0. The data 
were then analyzed using principal nonmetric multidimensional scaling (NMS) coupled 
with Jaccard similarity distance for group clustering (Appendix B). The Jaccard 
similarity distance, which ignores abundance and measures the similarity between 
binary sample sets, was used because presence/absence data are binary. However, there 
were no noticeable groupings of the samples on the NMS ordination plots, and thus, 
were not presented in the results section. 
 
5.2.8 Statistical Analysis 
Experimental values are reported as the mean ± standard error. To analyze statistical 
differences between treatments, one-way and two-way analysis of variance (ANOVA) 
coupled with Tukey’s post-hoc analysis using the open source statistical software R 
(v.2.15.1) was used. Differences were considered significant for p-values ≤ 0.05 [140]. 
Marginal significance was considered for p-values ≤ 0.10. In addition, linear regression 
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analysis was also completed using R and significance was again determined using 
ANOVA. 
5.3 Results and Discussion 
To determine the impacts of TCS containing aged and spiked biosolids on denitrifying 
activity, five treatment conditions were examined; Control – No Plants, Control – Plants, 
Aged TCS – No Plants, Aged TCS – Plants, and Spiked TCS – No Plants. Following 
biosolids amendment, denitrifying activity and community structure were monitored 
for 84 days.  The results from these experiments are presented below. 
 
5.3.1 Simulated Biosolids Characteristics 
Following biosolids application on Day 0, soil samples were collected and measured for 
TCS concentration (Figure 11). The plants and no plants treatments receiving the control 
biosolids had TCS concentrations of 4.2 ± 0.95 and 4.7 ± 0.79 μg/kg, respectively and 
were not significantly different from the unamended soil used in the study (5.4 ± 1.8 
μg/kg). Both the plants and no plants treatments that received the biosolids aged with 
TCS had TCS concentrations of 17.9 ± 1.93 and 26.9 ± 4.6 μg/kg, respectively. These 
concentrations were significantly different from 0 and from each other (not shown in 
Figure 11), which was most likely due to incomplete mixing before aliquoting and 
applying the biosolids. Incomplete mixing that did not completely resuspend the solids 
in the digester carboys would result in the first few applications receiving fewer solids, 
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and therefore less TCS than later applications. The containers that did not eventually 
have plants received the biosolids aged with TCS prior to those that eventually had 
plants, and therefore a lower concentration of TCS. The TCS concentration in the 
containers receiving biosolids spiked with TCS was 68.6 ± 26.9 μg/kg, which was 
significantly higher than the containers with and without plants that received the 
biosolids aged with TCS (not shown in Figure 11). The difference between the TCS 
concentrations in the soil receiving the spiked TCS versus the aged TCS biosolids may 
have been caused by degradation during the 2 weeks between when the TCS in the 
biosolids aged with TCS was measured and when the biosolids were applied. Overall, 
the average percent detection of the internal standard (13C TCS) for all samples was 67.7 
± 2.4% (standard deviation = ± 14.1%), which was consistent with the publication where 
the method was obtained [172]. In addition, TCS was present in the blanks at low levels 
(average = 5.4 ± 2.1 ng). 
The concentrations measured in the biosolids used for the present study were 
representative of concentrations reported for soil. Numerous studies have measured 
TCS in biosolids, however, few have actually examined the concentrations of TCS in the 
soil following biosolids application. Published studies report a large variability of TCS 
concentrations ranging between 4.1 ng/kg to 1,840 g/kg. These concentrations were 
dependent upon the source biosolids, the application rate of the biosolids, and soil 
mixing type (e.g., till vs. no till) and mixing depth [32, 54-56]. In addition, both the 
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amended soil concentrations in this study and the concentrations reported in the 
literature, were much lower than those used in previous studies examining the impact of 
TCS on soil microbial processes. Previous studies that spiked TCS directly into soil or 
into biosolids before mixing with soil had final soil concentrations in the parts per 
million (ppm) range [35, 152, 177-181]. 
 
 
Figure 11: Day 0 TCS concentration in biosolids 
amended soil treatments. (*) indicates a significant 
difference (p-value ≤ 0.05) from the respective control 
with and without plants. 
 
5.3.2 Soil Characteristics 
The initial (Day 0) and ending (Day 84) OC, TKN, and NO3- average values for each 
treatment are shown in Figure 12. No significant differences were measured for TKN 
and OC between Days 0 and 84 for all treatments. In addition, there were also no 
significant differences between treatments that received the biosolids spiked or aged 
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with TCS and the respective no plants and plants treatments that received the control 
biosolids. The OC and TKN concentrations reported in this study were consistent with 
previous studies [35, 152, 177-181]. NO3-, on the other hand, significantly decreased 
between Day 0 and 84 for containers with and without plants that received the control 
biosolids and containers that received biosolids spiked with TCS. There was a 
marginally significant decrease of NO3-(p-value = 0.061) in the containers with plants 
that received biosolids aged with TCS. Containers without plants that received biosolids 
aged with TCS were not significant because there was not enough soil to complete one 
of the replicates. However, there was no significant difference in NO3- between the 
containers that received biosolids spiked and aged with TCS and the respective 
containers with and without plants that received the control biosolids. pH values were 
also not significantly different between treatments for Day 0 or 84 and over the extent of 
the experiment for each treatment, with the exception of the containers with plants that 
received biosolids aged with TCS, which had a significant decrease in pH (p-value = 
0.006). The average Day 0 and 84 soil pH for all treatments was 5.6 ± 0.031 and 5.4 ± 
0.029, respectively.   
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A. OC concentration. 
 
B. TKN concentration. 
 
C. NO3- concentration 
 
Figure 12: Day 0 and 84 amended soil OC, TKN, and 
NO3- concentrations for each treatment. (@) indicates a 
significant difference (p-value ≤ 0.05) from Day 0. (%) 
indicates a marginal significant difference (p-value ≤ 
0.10) from Day 0. Only Day 0 measurements were taken 
for the unamended soil. Error bars represent one 
standard error. 
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5.3.3 Plant Biomass 
The alfalfa seedlings germinated around Day 4 (3 days after sowing) and continued to 
grow until Day 84. The total plant biomass harvested on Day 84 for the containers that 
received the control biosolids and biosolids aged with TCS is shown in Figure 13. Plant 
biomass was not significantly different (p-value > 0.05). 
 
 
Figure 13: Mean total alfalfa biomass for treatments 
with plants. No replicates were set up with plants that 
received biosolids spiked with TCS. Error bars 
represent one standard error. 
 
5.3.4 Impacts on denitrifiers 
To assess the overall ecotoxicity of biosolids aged and spiked with TCS, the function, 
abundance, and diversity of the soil denitrifying communities were examined. The 
impacts on abundance and diversity of total prokaryotic microorganisms were also 
examined for comparison. The DEA assay was used to measure functional impacts, 
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qPCR was used to measure impacts on abundance, and T-RFLP was used to measure 
impacts on diversity. 
 
5.3.4.1 Function 
The relative denitrification rate for all treatments on all sample days is presented in 
Figure 14. In general, the denitrification rate decreased after Day 1 and remained lower 
throughout the remainder of the experiment. The initial promotion of denitrification by 
organic fertilizers, such as manure and sewage sludge has been shown previously, and 
has been attributed to an increase in OC [116, 191, 195]. Typically, the maximum 
denitrification occurs within 24 to 48 h of application of organic amendments [196]. 
However, the NO3- used by denitrifiers is often at lower concentrations or less 
bioavailable in organic fertilizers such as biosolids than in synthetic, mineral fertilizers, 
which can result in a decrease in denitrification [10]. Thus, one possible explanation for 
the observed decrease in denitrification potential of all treatments, was that NO3,- 
available to the denitrifiers in the soil was exhausted. The reduction in NO3- over the 
extent of the experiment (Figure 12) supports this conclusion. A decrease in TKN was 
not observed likely because TKN is a broad measurement of nitrogen in a soil that is not 
bioavailable to denitrifiers (i.e., the sum of organic nitrogen, ammonia (NH3) and NH4 
[7]. 
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On Days 1 and 7, there were no significant differences between the containers 
that received biosolids that were spiked or aged with TCS and the respective controls 
with and without plants. Denitrification was significantly lower in the containers that 
received biosolids spiked with TCS on Day 28 and marginally significantly lower (p-
value = 0.090) in the containers with plants that received biosolids aged with TCS on 
Day 84, indicating potential long-term inhibition. The corresponding concentrations 
were 68.6 ± 26.9 μg/kg and 26.9 ± 4.6 μg/kg, respectively. However, the inhibitory effects 
in the containers that received biosolids spiked with TCS disappeared by Day 84. No 
additional measurements were taken after Day 84 to verify a rebound in the 
denitrification in the containers with plants that received the aged biosolids. By contrast, 
denitrification in the containers that received biosolids aged with TCS and without 
plants was marginally significantly greater on Day 84 (p-value = 0.052). The rebounding, 
inhibition, and stimulation of denitrification in the containers that received the highest, 
middle, and lowest TCS concentration, respectively, could be due to complex 
acclimation responses of the denitrifiers to TCS. The two highest TCS concentrations 
resulted in significant and marginally significant inhibition on Day 28 and 84, 
respectively, but by Day 84 denitrification had rebounded in the presence of the highest 
concentration of TCS. At the lowest concentration, no inhibition occurred, but 
marginally significant stimulation of denitrification was observed on Day 84. Similar 
non-dose related responses were observed by Liu et al. [35] and Butler et al. [178] on soil 
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respiration, but at much higher TCS concentrations than in this study. Briefly, no 
inhibition was observed at concentrations < 1 mg/kg, inhibition was observed within the 
first 2 days ≥ 1 mg/kg, and at concentrations ≥ 30 mg/kg inhibition was observed from 2 
to 4 days [35]. In addition, between 4 and 12 days, soil respiration was actually 
promoted for treatments that received ≥ 10 mg/kg TCS, but the magnitude of the 
promotion was not directly correlated to TCS concentration [35]. Butler et al. [178] also 
observed an initial inhibition of soil-induced respiration (< 7 days), which was generally 
greater as the concentration increased from 10 to 1000 mg/kg TCS, but not always, 
followed by a recovery, which was not correlated with TCS concentration. Butler [178] 
further showed that subsequent dosing of TCS resulted in higher soil respiration than 
the control that received no TCS. Still, only Butler et al. [178] examined long-term 
impacts of TCS on soil microorganisms, albeit only after respiking TCS into the soil on 
Day 14, and showed sustained inhibition of basal respiration at concentrations as low as 
10 mg/kg. 
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Figure 14: Relative denitrification rate of control, TCS 
aged, and TCS spiked biosolids-amended soil with 
and without plants. (@) indicates a significant 
difference from Day 0 (p-value ≤ 0.05). (%) indicates a 
marginal significant difference from Day 0 (p-value ≤ 
0.10). (#) indicates a significant difference from the 
respective no plants or plants control on the same day 
(p-value ≤ 0.05). ($) indicates a significant difference 
from the respective no plants or plants control on the 
same day (p-value ≤ 0.10). Values < 1 indicate inhibition 
of denitrification as compared to Day 0. Error bars 
represent one standard error. 
 
5.3.4.2 Abundance 
The total prokaryotes (16S rRNA) and populations with the common denitrifying genes 
(nosZ, nirS, and nirK) were quantified for each treatment over the extent of the 
experiment (Figure 15) [86, 189]. The range of absolute copy numbers of 16S, nirS, nirK, 
and nosZ per ng of DNA were 2.08 x 104 to 2.17 x 105, 1.10 x 103 to 2.98 x 104, 2.50 x 101 to 
1.68 x 104, and 2.11 x 103 to 6.31 x 104, respectively. These values were consistent with a 
previously published study [188]. 
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Examination of the 16S relative copy numbers showed a general increase in the 
prokaryotes over the course of the experiment. Abundance in the containers without 
plants that received biosolids aged with TCS was not significantly lower than the control 
throughout the experiment. The containers with plants that received biosolids aged with 
TCS showed significantly lower abundance compared to the control on Days 1 and 28 
and marginally significantly lower abundance on Day 84 (p-value = 0.051). Abundance 
in the containers that received biosolids spiked with TCS was significantly lower on Day 
7 only. 
For nosZ, containers with plants that received biosolids aged with TCS were 
significantly lower on Day 7 and 28, containers without plants that received the 
biosolids aged with TCS were marginally significantly lower on Days 1 and 7 (p-values = 
0.074 and 0.057, respectively), and containers that received the spiked biosolids were 
significantly lower on Days 1and 28 and marginally significantly lower on Day 7 (p-
value = 0.092). The overall nosZ containing population increased slightly until Day 28 
before decreasing to or marginally greater than starting levels by Day 84. Denitrifiers 
carrying the nosZ gene have been shown to be the most sensitive to pollutants and other 
changes in environmental conditions (e.g., oxygen levels, carbon to nitrogen (C:N) 
ratios, and pH) [119-122]. 
The quantity of nirS, similarly to the DEA assay results, decreased after Day 1 to 
Day 7 and remained low until the end of the experiment. The only significant inhibition 
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observed for nirS was for the containers with plants that received biosolids aged with 
TCS and the containers that received spiked biosolids on Day 7. Similar to Day 84 results 
for the containers without plants that received biosolids aged with TCS measured by the 
DEA assay that showed a marginally significant stimulation, on Day 28 nirS abundance 
was significantly higher than in the control. The overall similarity of the DEA assay and 
nirS abundance results may indicate potential correlations between the methods. 
The population with the nirK gene increased about 4 times the starting 
abundance by Day 28. By Day 84, the nirK abundance had stabilized at approximately 2 
times the starting levels. There were no significant differences in abundance observed 
for the containers that received biosolids spiked or aged with TCS and the 
corresponding no plants and plants controls. 
Overall, the qPCR data presented herein suggested that inhibition of denitrifiers 
occurred between Days 1 and 84 for containers that received spiked biosolids (68.6 ± 26.9 
μg/kg TCS) and those with (26.9 ± 4.6 μg/kg TCS) and without (17.9 ± 1.93 μg/kg TCS) 
plants that received aged biosolids. Maximum inhibition was observed around Day 7. In 
addition, examining gene abundance was more sensitive to impacts of TCS than 
measuring activity, at least in the short-term, particularly shown for nosZ (< 84 days). No 
studies could be found that examined the impact of TCS in biosolids on total bacteria 
and denitrifying gene abundance or any other functional gene, in order to put the results 
of this study in perspective. However, two other studies were found that examined the 
 122 
impact of biosolids on microbial abundance. One study examined the impacts of 
biosolids application on soil microorganisms and found that the number of heterotrophs 
increased following application, as measured by plate count[197]. TCS concentrations 
were not measured in that study. Park et al. [180], however, found a delayed decrease in 
biomass after 7 to 10 days in soil mixed with TCS-spiked biosolids and biomass 
remained low until the end of the experiment (Day 30).   
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A. 16S. B. nosZ. 
  
C. nirS D. nirK 
  
Figure 15: Relative total bacteria and denitrifier abundance. (@) indicates a 
significant difference from Day 0 (p-value ≤ 0.05). (%) indicates a marginal significant 
difference from Day 0 (p-value ≤ 0.10). (#) indicates a significant difference from the 
respective no plants or plants control on the same day (p-value ≤ 0.05). ($) indicates a 
significant difference from the respective no plants or plants control on the same day 
(p-value ≤ 0.10). Values < 1 indicate a decrease in absolute copy number or ratio of 
target gene to 16S as compared to the Day 0. Error bars represent one standard error. 
 
5.3.4.3 Diversity 
The diversity of total bacteria and denitrifier populations were also examined (Figure 
16). The number of fragments measured for 16S, nirS, nirK, and nosZ were 1 to 84, 0 to 
116, 0 to 1, and 0 to 23, respectively. Much lower diversity was observed for all 
denitrifying genes in this study compared with field biosolids amended soil samples 
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measured in Chapter 6, especially for nirK. This is likely due to there either being a low 
number of species that actually contain the nirK gene or the primers were not able to 
account for the different species that were present and will be discussed further, later in 
this section. 
The relative diversity of the general bacteria population, as measured by 16S 
rRNA decreased until Day 7, then slightly increased at Day 28, but was not as high as 
the initial diversity, and then decreased again on Day 84. Diversity was marginally 
significantly lower than in the control for the containers with plants that received 
biosolids aged with TCS on Day 28 (p-value = 0.060) and significantly lower for all three 
TCS treatments on Day 84. The diversity of the denitrifier population with nosZ 
remained the same for the entirety of the experiment for both the controls and the TCS 
treatments. Marginal inhibition was observed for the containers without plants that 
received biosolids aged with TCS on Day 1 and significant inhibition on Days 7, 28, and 
84. Marginal inhibition was observed for the containers that received biosolids spiked 
with TCS on Day 28. Diversity for the containers with plants that received biosolids 
aged with TCS was not significantly different from the control on any day, but was 
likely due to the high variability of the corresponding control with plants. For the most 
part, the diversity of nirS, similarly to the abundance of nirS, and activity, as measured 
by the DEA assay, decreased throughout the experiment. However, unlike abundance of 
nirS and activity, nirS diversity increased on Day 84. The diversity for all three TCS 
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treatments was significantly lower than the controls on Day 1. On Day 7, the containers 
without plants that received the biosolids aged with TCS and spiked with TCS were 
significantly inhibited. On Day 28, the containers with plants that received biosolids 
aged with TCS and the containers that received the spiked biosolids were significantly 
inhibited. On Day 84, the containers without plants that received the aged TCS biosolids 
were marginally significantly inhibited, whereas the containers with plants that received 
the TCS aged biosolids was significantly inhibited (p-value = 0.094). These data clearly 
did not indicate a dose-response, but as discussed earlier, such a response may not be 
expected. In addition, although the sampling protocol was developed to maintain as 
much homogeneity as possible, slight changes in the heterogeneity of the samples could 
account for the varying responses observed for the three TCS treatments. Low numbers 
of nirK fragments (0-1) were obtained for all of the samples analyzed, and resulted in the 
high errors shown in Figure 16D. Because of the larger errors, none of the TCS 
treatments were significantly different from the control, with the exception of the 
containers that received the spiked biosolids on Day 84, which was significantly higher. 
One explanation for the low number of fragments for nirK was that it is just a reflection 
of low number of species that contain the nirK gene in the samples [191]. Another 
explanation was that the nirK denitrifiers in this study were more distantly related to 
those used to develop the primers and thus were not digested the same [191]. This has 
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been shown to occur for the nirS primers and would also explain why there was 
amplification by the nirK qPCR primers, but not the T-RFLP primers. 
Overall, similar to the denitrifier abundance, inhibition of denitrifier diversity 
occurred from Day 1 to 28 and then decreased thereafter to Day 84 for all three TCS 
treatments. Unfortunately again, there were very few studies that have examined the 
impacts of biosolids application on microbial community distribution, let alone TCS 
specifically, in order to directly compare the results. Enwall et al. [116] showed a shift in 
nosZ communities using denaturing gradient gel electrophoresis (DGGE) in soil treated 
with sewage sludge compared to no treatment. The shift in nosZ was suspected of being 
related to pH, as plots treated with sewage sludge had a lower pH than in the 
unamended control in that study, which was attributed to the long-term acidification of 
the soil by the fertilizers. The study showed no significant correlation between soil pH 
and microbial activity (i.e., soil respiration), but did not quantify the impacts of pH on 
microbial diversity. It should be noted that no emerging contaminants were measured in 
the study. Several studies have looked at microbial community structure changes in soils 
or biosolids spiked with TCS. Liu et al. [35] showed a shift in the microbial communities 
for low (0, 0.1, and 1 mg/kg) and high TCS concentrations (10, 30, 50 mg/kg) that was 
related to carbon utilization. Park et al. [180] correlated a shift in microbial communities 
based on PLFA using canonical correspondence analysis (CCA) and TCS spiked with 
TCS directly into the soil at concentrations of 0, 10 and 50 mg/kg and soil that received 
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biosolids spiked with the same concentrations of TCS. Finally, a long-term decrease in 
heterotroph diversity was observed by Harrow et al. [181] in soil inoculated with TCS 
spiked greywater (6.19 μM). 
 
A. 16S. B. nosZ. 
  
C. nirS D. nirK 
  
Figure 16: Relative total bacteria and denitrifier diversity. (@) indicates a significant 
difference from Day 0 (p-value ≤ 0.05). (%) indicates a marginal significant difference 
from Day 0 (p-value ≤ 0.10). (#) indicates a significant difference from the respective 
no plants or plants control on the same day (p-value ≤ 0.05). ($) indicates a significant 
difference from the respective no plants or plants control on the same day (p-value ≤ 
0.10). Values < 1 indicate a decrease in in the number of species compared to the Day 0 
Error bars represent one standard error. 
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5.3.5 Methods Correlation 
One of the major difficulties with determining ecotoxicity on microorganisms under 
representative environmental conditions is that different indicators (e.g., specific 
endpoint functions or community structure measurements) yield different results in 
terms of impact magnitudes and concentrations. In addition, no studies have really even 
attempted to determine the most effective indicator for determining impacts under any 
environmental conditions. [198]. While many of the previous studies examining the 
impacts of TCS on soil microorganisms focused on microbial activity alone, the present 
study independently examined three targets, activity, abundance, and diversity. Using 
linear regression analysis, we sought to correlate these three targets in order determine 
and evaluate any relatedness between the measurements (Table 4). Five significant 
correlations were developed, three of which related qPCR and the DEA assay, or 
abundance and activity. Of these, the strongest correlation (R = 0.77) was a positive 
correlation between qPCR of nirS and the DEA assay. Graham et al. [199] also found a 
strong correlation (R=  0.89 p-value < 0.01) between absolute nirS abundance and 
denitrification rate, however denitrification was measured using stable isotopes. They 
also found a high correlation with nirK, which was not found in this study. The strong 
correlation between the abundance of nirS and the denitrification rate could be because 
the NO2- reductase gene is often the rate-limiting step for denitrification and nirS is the 
most abundant of the NO2- reductases [14, 130, 188]. Four other correlations were also 
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significant: qPCR of nirK and the DEA assay, qPCR of 16S and the DEA assay, the 
diversity of 16S communities and DEA Assay, and the diversity and abundance of nosZ. 
However, the analyses that were correlated did not yield the same results as far as 
significant inhibition in the presence of TCS. Thus, while the results suggested some 
relatedness between activity, abundance, and diversity, the results generally support the 
use of multiple methods to determine the ecotoxicity of biosolids-derived organic 
contaminants. 
 
Table 4: Linear correlations between methods used to analyze denitrification. 
Method A 
(X) 
Method B 
(Y) F-Statistic R p-value Intercept Slope 
qPCR 16S DEA 15.3 0.611 0.0007* 1.34 -0.436 
qPCR nirS DEA 36.1 0.771 0.000004* 0.181 0.690 
qPCR nirK DEA 8.56 0.490 0.008* 1.04 -0.170 
qPCR nosZ DEA 2.10 0.210 0.161 0.997 -0.226 
T-RFLP 16S DEA 4.87 0.373 0.038* 0.472 0.392 
T-RFLP nirS DEA 1.17 0.084 0.290 0.597 0.130 
T-RFLP nirK DEA 0.468 -0.164 0.501 0.611 0.107 
T-RFLP nosZ DEA 2.33 0.228 0.141 0.981 -0.239 
qPCR 16S T-RFLP 16S 3.31 0.297 0.082 0.913 -0.261 
qPCR nirS T-RFLP nirS 0.973 -0.032 0.334 0.374 0.306 
qPCR nirK T-RFLP nirK 0.778 -0.095 0.387 0.755 -0.078 
qPCR nosZ T-RFLP nosZ 8.41 0.486 0.008* 0.553 0.514 
(*) indicates a significant difference from 0 (p-value ≤ 0.05) 
 
5.3.6 General Implications of Biosolids Application 
In this study, biosolids aged with and spiked with TCS showed potential long-term 
inhibition based on measurement of activity (denitrification). However, inhibition was 
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limited and because the DEA assay historically has low sensitivity smaller impacts may 
have been overlooked [84, 127]. Denitrifier abundance and diversity were slightly more 
sensitive to TCS and inhibition was observed throughout the experiment, with 
maximum inhibition occurring from Day 1 to 28. This suggests that both the total 
number of denitrifiers and species of denitrifiers were influenced more heavily by TCS 
addition and that those that were not impacted by TCS addition, continued to denitrify 
with minimal potential long-term impacts. In addition, there was an overall lack of 
correlation between the abundance, diversity, and function of the denitrifiers. However, 
due to the complexity of the environment examined (i.e., soil and biosolids) the results 
were also complex, and all three methods were needed to determine the overall 
ecotoxicity of TCS in biosolids.  
In total, 7 analyses were completed directly relating to denitrifiers; qPCR and T-
RFLP were used to examine 3 denitrifying genes for abundance and diversity and the 
DEA assay examined the overall denitrification activity. In order to quantify the net 
impacts shown by all the assays, a denitrification inhibition score was developed and 
shown in Figure 8. The denitrification inhibition score was developed by first assigning 
values of 1, 0.5, 0, -0.5, or -1 to each treatment receiving TCS or Spiked TCS biosolids at 
each time point for the 7 analyses. A value of 1 was assigned when the treatment was 
significantly lower than the control at that sample-day indicating inhibition, 0.5 was 
assigned when the treatment was marginally significantly lower than the control, 
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indicating marginal inhibition, 0 was given if the treatment was not significantly 
different than the control, -0.5 was assigned when the treatment was marginally 
significantly greater than the control, indicating marginal stimulation, and -1 was 
assigned if the treatment was greater than the control, indicating stimulation. The values 
for each treatment at each sample-day were then summed and represented the overall 
denitrification inhibition score. Because 7 analyses were completed, maximum inhibition 
would correspond to a score of 7, and maximum stimulation would correspond to the 
minimum score of -7. Overall, the denitrification score assumed that there were no 
differences in magnitude for the target of each analysis and that each target was equal in 
importance. This limitation may have resulted in effects being masked, especially if 
targets of more importance were less sensitive to inhibition than less important targets. 
Further research would be needed to elucidate the magnitude of each target and 
corresponding analysis in relation to overall impacts on denitrifiers. In addition, the 
denitrification inhibition score assumed that marginal significance represented 50% of 
the weight of significance. Further work would also be needed to determine if this 
assumption was appropriate. 
The denitrification inhibition scores for both aged and spiked TCS treatments are 
shown in Figure 17. Containers with and without plants that received biosolids aged 
with TCS had an increase in the score from Day 1 to 7 that then decreased to Day 84. The 
containers without plants had a score of 0 on Day 28 and a score of 1 on Day 84. The 
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containers with plants decreased from a score of 2 on Days 7 and 28 to a score of 1.5 on 
Day 84 These results could reflect the difference in concentrations between the two 
treatments or the addition of plants in one of the treatments. Based on TCS 
concentrations, this result was somewhat expected because the no plant treatment had a 
lower TCS concentration than the plant treatment. However as was discussed earlier, 
acclimation of TCS by the denitrifiers reported by Butler et al. [178] and Liu et al. [35], 
showed that we may not necessarily expect a dose-response to TCS. These results may 
need to be replicated to confirm the observed responses. If the difference between the 
two treatments was due to the presence of plants, the results were somewhat 
unexpected. Opposite of what was observed in this study, less impact was expected in 
the presence of plants because the plants could uptake TCS, reducing the exposure to 
the denitrifiers, or the plants could provide protection for the denitrifiers. Previous work 
examining the affects of plants on TCS and denitrification in soil is conflicting to results 
presented herein. Several studies have shown uptake of TCS by soybeans, lettuce, 
radish, carrots, barley, meadow fescue and Bahia grass [152, 175, 200]. Wu et al. [175] and 
Macherius et al. [200] spiked TCS directly into the soil the plants were growing in, but 
did not take biosolids adsorption into account, which  may have resulted in a higher 
bioavailability of TCS than measured. However, plant uptake of TCS originating in 
biosolids applied under field conditions was much more limited [152, 201]. Pannu et al. 
[152] found that the plants in soil receiving biosolids spiked with TCS accumulated more 
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TCS than those in unspiked biosolids .Further complicating matters is the complex 
interaction between plants and denitrification. Smith and Tiedje [202] found that at low 
NO3- concentrations (2 mg/kg dry soil) denitrification was decreased when plants were 
present. By day 84, NO3- concentrations were below 2 mg/kg dry soil in this study, 
which could have contributed to inhibition of denitrification when the plants were 
present. In addition, microbial community composition has been shown to be different 
when plants are present, which in turn could have accounted for the increased inhibition 
[109, 110]. Nevertheless, the higher impacts on Day 7 and 28 of both TCS-aged 
treatments indicate TCS in biosolids negatively impacted soil denitrifiers in the short-
term. 
The Spiked TCS treatment, which had an initial soil TCS concentration of 68.6 ± 
26.9 μg/kg, resulted in inhibition throughout the experiment, and 2.5 and 3.5 of the 7 
analyses showed inhibition on Days 7 and 28. These results are consistent with previous 
studies where TCS was spiked directly into the soil or into biosolids. The higher, more 
sustained inhibition score observed for the Spiked TCS treatment, was consistent with 
the expected higher bioavailability for the Spiked TCS treatment [153]. However, the 
higher, more sustained inhibition could just be a result of a higher TCS concentration 
than the biosolids aged with TCS. 
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Figure 17: Denitrification inhibition score for TCS 
treatments. 
 
Overall, the results in this study showed potential negative impacts of TCS on 
soil microbial community structure, and potential long-term impacts on function. These 
data were consistent with previous studies which showed negative impacts, but at 
significantly higher concentrations. In the present study, the inhibition was observed by 
biosolids aged with TCS at concentrations as low as 17.9 ± 1.93 μg/kg, which was still 
nearly 10 to 3,000 times lower than the previous studies [35, 177, 178, 180]. This result 
was unexpected as the aging process used in this study was expected to decrease the 
bioavailability of TCS. However, there are several possible explanations for the observed 
inhibition at low TCS concentration. First, the functional endpoint (i.e., denitrification) 
targeted in this study may have been more sensitive to TCS than other endpoints 
examined in other studies (e.g., dehydrogenase, soil respiration and nitrification) [35, 
178, 203] suggesting this function may provide good indication of potential ecotoxicity 
 135 
of organic compounds. Second, other studies focused on the activity of soil 
microorganisms, whereas in our study, community structure (i.e., abundance and 
diversity) was more sensitive to TCS. Finally, toxicity is highly variable and based on 
soil characteristics and microbial community characteristics, which may differ between 
this and previous studies. Specifically, differences in soil characteristics, such as in pH, 
OC, and pore space could explain the difference between this and previous studies [153]. 
The low pH range in this study likely resulted in an increased fraction of neutral TCS 
and subsequently increased the bioavailability of TCS. Neutral compounds are generally 
more bioavailable, but also sorb more readily to natural organic matter (NOM). Based 
on the pKa of TCS and the pH range measured in this study, the fraction of the 
compound in the neutral form was calculated to be 96.1 to 97.5%, which was high and 
may only be encountered in more acidic soils. Similar calculations were completed on 
previous studies that examined the impact of TCS on soil microbial activity based on the 
reported pH and TCS concentrations that resulted in inhibition (Table 5). Still, the TCS 
concentrations that resulted in inhibition and adjusted for the percent in the neutral 
form in this study were nearly 10 times lower than the next closest. It should be noted 
that differences in OC were not taken into account in in this calculation, but are 
presented in Table 5 for comparison purposes as OC, in addition to the composition of 
the soil, plays an important role in adsorption prediction. 
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While low, the pH range reported in the present study was similar to that used 
by Enwall et al. who showed no correlation between pH and the microbial shift in nosZ 
after biosolids application [116]. At the lower pH, more TCS should have been adsorbed 
to the soil, which should not have resulted in the transport of the compound to the 
bottom of the soil container. Still, this was accounted herein by controlling watering so 
that no significant flow-through occurred and by taking cores throughout the depth of 
the container. Nevertheless, the bioavailability of TCS in the soil used in this study 
would represent a worst-case-scenario for agricultural fields. 
Nevertheless, the much lower TCS concentration that resulted in microbial 
inhibition obtained in this study indicated a need to better understand the 
bioavailability dynamics for TCS. While other organic compounds have been shown to 
be made more bioavailable by microorganisms in the soil, which could explain the 
inhibition of denitrification at such low concentrations, no such studies have been 
completed on TCS [153]. In addition, research is currently lacking that examines how 
environmental stressors (e.g., nutrient limited conditions) play a role in the toxicity of 
organic contaminants on microorganisms. Limited work has been completed on nutrient 
availability and heavy metal toxicity and organic contaminant biodegradation [204, 205]. 
This would be of particular interest for persistent, bioaccumulative compounds, such as 
TCS, which would remain in the soil after microbial nutrient sources were exhausted 
and stress induced. In the present study, NO3- concentrations decreased over time, 
 137 
which could have resulted in stress on the denitrifying community and thus, an increase 
susceptibility to toxicity. NO3- was not measured on day 7 when maximum inhibition 
was observed, but the bioavailable fraction could have already been exhausted by then. 
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Overall, this study showed that soil quality, as indicated by the abundance, 
diversity, and function of denitrifying bacteria, was negatively impacted at 
environmentally relevant concentrations by the addition of TCS in biosolids, and ageing 
may have reduced the magnitude of the impact. However, the pH range in this study 
was consistent with more acidic soils, when the bioavailability of TCS would be 
increased. While the results of this study indicate potential negative impacts on 
denitrifying community structure and function, the background concentration of other 
contaminants could have contributed to the impacts observed. As indicated by the high 
TCS concentration in the “control” biosolids, the volume of inoculum likely contributed 
loadings of TCS and other compounds. While, future studies examining the impact of 
biosolids-derived contaminants should generate the biosolids under laboratory settings, 
the inoculation volume to the digesters should be minimized as the presence of other 
organic contaminants could bias the data. 
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6. Elucidating the Impacts of Biosolids on Native 
Agricultural Soil Denitrifying Bacteria 
The following chapter describes the work completed to address Objective 5. 
 
6.1 Introduction 
The use of antimicrobials has grown significantly over the past 10 years in the U.S., with 
over an estimated $1 billion in yearly sales [16].  One of the main antimicrobial agents 
used in personal care products (PCPs), such as shampoos, soap, detergent, and 
toothpaste, among many others, is triclosan (TCS) [40, 41]. In fact, 95% of the TCS 
produced in the U.S. is used in PCPs, which are disposed mainly by being washed down 
residential drains [43]. Because TCS has an octanol-water partitioning coefficient (Log 
Kow) of 4.8, an acid dissociation constant (pKa) of 7.9, and a solubility of approximately 
6.9 to 13.8 μM, the compound partitions readily to solids during wastewater treatment 
and is persistent and bioaccumulative (non-ionic) under ambient conditions [44-46]. 
Eventually, the solids generated during secondary wastewater treatment (a.k.a., 
biosolids) and the TCS contained therein, are disposed of, and in the U.S. over 50% of 
these solids are disposed via land application. TCS has been measured in biosolids up to 
113 mg/kg dry weight [53]. Current regulations (i.e., 40 CFR Part 503) established levels 
for nutrients, heavy metals, and pathogens for land application of biosolids, but not for 
organic contaminants. Much of the recent research has been performed to identify and 
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quantify the presence of emerging contaminants in biosolids, however, research to 
determine the ecotoxicity of organic contaminants likely to accumulate in biosolids once 
land applied, is limited. Of particular concern are compounds found in biosolids that are 
specifically designed to deactivate microorganisms, there is a risk that these compounds 
will disrupt ecologically important microbial soil functions. TCS, which at high 
concentrations blocks fatty acid biosynthesis in microorganisms eventually leading to 
compromised membrane [68, 69] and at low concentrations depresses membrane-
associated gene expression [70, 71], is one such compound. Thus, there is a need to 
determine the impacts of TCS on soil ecological health. 
A limited number of studies have attempted to examine the ecotoxicity of TCS on 
soil microbial processes by mimicking field application of biosolids. Several studies 
spiked TCS directly into soil. One study observed inhibition of soil respiration, nitrate 
(NO3-) and nitrite (NO2-) production, and enzyme activity at 5 to 50 mg/kg [177]. 
Temporary impacts on soil respiration and phosphatase activity were observed for TCS 
concentrations of 0.1 to 50 mg/kg in two other studies that used the ‘spiked’ approach 
[35, 178]. Yet another study showed no inhibition at 2 mg/kg [179]. Other studies 
attempted to address the underestimate of TCS boavailability from spiking TCS directly 
into the soil, by spiking TCS into biosolids prior to mixing with soil [153]. As expected, 
these studies found much more limited impacts on microbial processes. Pannu et al. 
[152] measured no impacts on CO2 evolution and NH4+-N uptake and NO3--N+NO2--N 
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release at TCS concentrations ≤ 10 mg/kg. However, Park et al. [180] observed significant 
decrease in biomass and increased indicators of microbial stress, but no effects on 
microbial diversity between 10 and 50 mg/kg TCS. Not only were the concentrations in 
these studies much greater than those measured in the field, but also aging of the TCS 
with the soil was not taken into account. Alexander showed that bioavailability, and 
therefore the toxicity of a chemical is greatly impacted by the time a chemical was 
partitioned to a solid (i.e., soil) [153]. The bioavailability of TCS in biosolids applied 
under field conditions would likely be less than the TCS in the spiked studies completed 
to date. In Chapter 5, we addressed this shortcoming by examining the impact of 
biosolids aged with TCS on microbial community function and structure under 
laboratory conditions. However, no studies have examined the impacts of TCS on 
microorganisms in the field. A major drawback to field studies, is that individual 
impacts of compounds on microorganisms are difficult to elucidate due to the complex, 
heterogeneity of biosolids and soil and because there are numerous organic compounds 
in biosolids which may inhibit various microbial processes making it difficult to reach 
conclusions with respect to potential ecotoxicity [6]. 
One method to address the complexity of field conditions would be to conduct 
an experimental survey examining fields that covered a wide range of all of the key 
variables related to the ecotoxicity of TCS in land applied biosolids to soil 
microorganisms. Once these variables, including, but not limited to soil characteristics, 
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biosolids characteristics, biosolids application rates, and chemical composition and 
quantities, were compiled, statistical methods could be used to determine correlations 
between TCS and microbial impacts. However, this type of approach would 
undoubtedly require extensive time and effort. The scope of this pilot-study was to 
evaluate the impacts of ‘traditional’ biosolids containing TCS on soil microbial 
community and structure under field conditions on a much smaller scale, and provide 
some initial input to determine if a much larger, more extensive study is warranted. 
Again, as in Chapters 3 and 5, soil denitrifiers were targeted to assess the impacts of the 
biosolids on soil microbial communities [154]. 
 
6.2 Materials and Methods 
The methods that were used for the research that contributed to this chapter are 
described in the following section. 
 
6.2.1 Sample Location and Collection 
Four fields receiving Class B municipal biosolids from a North Carolina community 
were examined for this study. The biosolids were digested anaerobically under mixed 
conditions. Soil samples were obtained for each field prior to biosolids application. 
Fields were arbitrarily labeled as Fields A, B, C, and D. Biosolids were only applied to 
each field once during the study period. Following application, Fields A, B, C, and D 
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were tracked for 147, 126, 112, and 21 days respectively, from April to September 2013. 
During this time frame, soil samples were collected based on access to the fields. 
Specifically, fields could only be accessed when biosolids were being applied during 
weekdays and not within 24 h of a precipitation event. Fields were previously seeded 
with grass, which once grown, was harvested and prepared for livestock. During the 
study the grass in Field A grew from 1 to 4 ft, and was harvested prior to the last 
sampling day (Day 147). The grass in Field B grew from 3 to 5 ft over the extent of the 
study and was not harvested. Sampling on Field C started after the grass was harvested 
and grew less than 1 ft by the end of the study. Finally, over the 21 days Field D was 
monitored, the grass remained approximately 1 ft in height. 
The initial sampling location within each field was selected randomly. The initial 
sampling location relative to each field was different between fields because of 
differences in size and shape of each field. Samples were then collected immediately 
prior to and immediately following biosolids applications. Twelve, 15.2 to 30.5 cm soil 
cores were collected randomly within a 9.1 m diameter with an AMS 2.54 cm x 61.0 cm 
stainless steel soil (American Falls, ID). The number of soil cores was based on obtaining 
a soil volume large enough for all of the biological and chemical analyses. The soil depth 
was based on how far the probe could reasonably driven into the soil using a rubber 
mallet. The cores were then placed in a Handi-Foil aluminum-roasting pan (Wheeling, 
IL) and homogenized with a stainless-steel gardening shovel. The pan, corer, and shovel 
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were solvent rinsed with high-pressure liquid chromatography (HPLC) grade acetone, 
hexane, and methanol prior to each sampling event. Solvents were obtained from Sigma-
Aldrich (Milwaukee, WI). The soil was then distributed to storage containers for 
downstream processing. Triplicate 5 g samples were distributed VWR 50 mL 
polypropylene centrifuge tubes for the Denitrifying Enzyme Activity (DEA) assay. 
Likewise, 40 g samples were placed in another set of VWR 50 mL tubes for TKN, organic 
carbon (OC), and pH analyses. Two g samples were placed in 50 mL centrifuge tubes for 
dry weight, ash content, and moisture content analyses. Five g samples were placed in 
volatile organic analysis certified Thermo Scientific 50 mL amber vials with 
silicone/polytetrafluoroethylene (PFTE) septum in polypropylene caps (Waltham, MA), 
stored at -80 °C for TCS analysis. Finally, 1.5 g samples were placed in 1.5 mL 
microcentrifuge tubes for DNA extraction and microbial community analyses. All 
samples were taken in triplicate and temporarily stored in a cooler with ice packs while 
in the field. Back in the laboratory, the DEA assay and dry weight, ash content, and 
moisture content samples were stored at 4 °C and processed within 24 h. The TKN, OC, 
and pH samples and the samples for TCS analysis were stored at -80 °C. Samples for 
DNA and extraction and microbial community analysis were stored at -20 °C. Follow-up 
samples were obtained randomly from the same 9.1 m diameter location, which was 
determined using a Garmin handheld global position system (GPS, Wichita, KS). 
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6.2.2 Analytical Methods 
TKN, OC, and pH of the soil samples before and after biosolids applications were 
measured by Waters Agricultural Laboratories, Inc. for all days tested (Georgia, USA). 
Dry weight and moisture and ash content were determined, as described in Chapter 5. 
The TCS concentration was measured in triplicate for the samples prior to and 
immediately after biosolids application using previously described methods for 
biosolids [139]. 
 
6.2.3 Functional Impact Analysis 
As in Chapter 5, the DEA assay was used to measure the functional activity of the 
denitrifiers in the soil samples using the method published previously [127] and 
modified [187]. 
 
6.2.4 DNA Extraction 
Total DNA was extracted using a modified version of the MO BIO PowerLyzer 
PowerSoil DNA Extraction Kit (Carlsbad, CA) described in Chapter 5 [164]. 
 
6.2.5 Community Impact Analysis 
Changes in the abundance and diversity of total prokaryotic microorganisms and 
denitrifying populations were again used to measure impacts of TCS biosolids on 
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community structure. The absolute abundance of the reference gene (16S rRNA) as well 
as the functional denitrifying genes, NO2- reductases (nirS and nirK) and N2O reductase 
(nosZ), were quantified by quantitative polymerase chain reaction (qPCR). Terminal 
Restriction Fragment Length Polymorphisms (T-RFLP) of the same denitrifying genes 
and reference gene was completed to determine changes in diversity. 
Following DNA extraction, samples for abundance analysis were purified and 
processed as in Chapter 5.  Samples for diversity analysis were also processed according 
to Chapter 5. However, in addition to calculating the relative species abundances on 
each sampling day, nonmetric multidimensional scaling (NMS) coupled with Jaccard 
similarity distance for group clustering was used to examine the T-RFLP data. In 
addition, while presence/absence data were used for the analyses completed in this 
Chapter, T-RFLP peak area data was examined to determine whether the model 
organism used in Chapter 3 was present in the field samples. Based on nosZ fragments, 
Paracoccus denitrificans PD1222 was present in 59% of the field samples examined. nirS 
was also examined for the model organisms, but the results were inconclusive. 
 
6.2.6 Statistical Analysis 
Experimental values are reported as the mean ± standard error. To analyze statistical 
differences between treatments, one-way and two-way analysis of variance (ANOVA) 
coupled with Tukey’s post-hoc analysis using the open source statistical software R 
 148 
(v.2.15.1) was used. Differences were considered significant for p-values ≤ 0.05 [140]. 
Marginal significance was considered for p-values ≤ 0.10. In addition, linear regression 
analysis was also completed using R and significance was again determined using 
ANOVA. 
 
6.3 Results and Discussion 
The results obtained for the pilot field study are provided below. Note that Day 0 
corresponds to pre-application of biosolids and Day 1 corresponds to immediately 
following biosolids application. 
 
6.3.1 TCS Concentrations 
The average TCS concentrations before and after biosolids application are shown in 
Figure 18. There was no significant difference between the before and after samples, 
which indicates that either the TCS concentration in the biosolids for this application 
were low or that the TCS concentration in the soil was built up over years of application. 
Significant differences in TCS concentration prior to biosolids application were observed 
between Field 1 and 3 (p-value = 0.0002), Field 2 and 3 (p-value = 0.0011) and Field 3 and 
4 (p-value = 00004). A marginal significant difference was observed between Field 1 and 
2 (p-value = 0.059). After biosolids application, Field 1 and 3 (p-value = 0.0002), Field 2 
and 3 (p-value = 0.0007), and Field 3 and 4 (p-value = 0.0004) were still significantly 
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different. Field 1 and 2 were no longer marginally significantly different following 
biosolids application. Overall, the average percent detection of the internal standard (13C 
TCS) for all samples was 57 ± 2.8% (standard deviation = ± 12.8%), which was consistent 
with the paper where the method was obtained [172]. In addition, TCS was present in 
the blanks at low levels (average = 2.5 ± 0.83 ng). 
 
 
Figure 18: Pre and post-biosolids application TCS 
concentration in soil. Error bars represent one standard 
error. 
 
6.3.2 Soil Characteristics 
Several soil characteristics were measured for each location throughout the study period 
and are shown in Table 6. TKN and pH were measured on each sampling day for all 
four locations. Data for total Carbon (TC), humic matter (HM), phosphorus (as P2O5) and 
potassium (as K2O) were somewhat limited due to errors in the analyses.  Nevertheless, 
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TKN and pH did not appear to consistently change with the application of biosolids or 
change over the extent of the experiment. However, TKN does not account for NO3-, 
which was discussed in Chapter 5 to be more readily bioavailable to denitrifiers [10]. 
NO3- was not measured in this study, but should be considered for a more extensive 
study. Similarly, for the data available, phosphorus and potassium were not consistently 
impacted by biosolids application or change over time. Humic substances have been 
shown to reduce the bioavailability, and subsequently, toxicity of the compound through 
humification [206]. However, HM was also not significantly different between the 
sample locations. TC in the soil decreased over the first 103 days at Field A and 68 days 
of Field C. TC in Field B remained the same over the first 82 days.  However, because TC 
is a measurement of both organic carbon (OC) and inorganic carbon (IC), it does not 
necessarily reflect soil microbial activity.  
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Table 6: Soil physical-chemical properties. 
Location Day pH 
TC 
(g/kg) 
HM 
(%) 
TKN 
(mg/kg) 
P 
(mg/kg) 
K 
(mg/kg) 
Field A 0 7.7 61.9 0.56 6,200 178 3.14 
Field A 1 7.6 63.5 0.27 6,500 195 1.38 
Field A 30 7.6 56.5 0.32 5,600 167 1.91 
Field A 103 7.5 49.5 0.36 6,500 166 2.17 
Field A 147 7.9     5,500     
Field B 0 7.2 60.2 0.36 6,500 582 0.62 
Field B  1 7.0 56.9 0.27 5,600 755 0.36 
Field B 82 7.2 62.6 0.41 5,600 535 0.77 
Field B 105 7.3     8,800     
Field B 126 7.4     7,300     
Field C 0 7.2 147.3 0.27 12,300 500 0.54 
Field C 1 7.4 119.3 0.66 9,900 595 1.11 
Field C 68 7.2 81.7 0.27 7,000 1185 0.23 
Field C 112 7.6     10,400     
Field D 0 7.6     8,500     
Field D 1 7.5     8,100     
Field D 8 7.6     7,900     
Field D 21 7.6     8,600     
 
6.3.3 Impacts on denitrifiers 
The function, abundance, and diversity of the soil denitrifiers were examined to 
determine potential impacts from the application of ‘traditional’ biosolids containing 
TCS. 
 
6.3.3.1 Function 
Figure 19 shows the relative denitrification rate results from the DEA assay. For three of 
the four fields examined, denitrification increased following biosolids application and 
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then decreased below pre-application levels around 100 days. Specifically, 
denitrification in Field A increased for the first 40 days and then returned to pre-
application denitrification levels by Day 103. In Field B, increased denitrification was 
observed immediately following application, but was significantly lower by Day 82. 
Denitrification could have continued to increase in Field B until Day 82, but was not 
measured due to rain. Field C denitrification increased up until at least Day 68, but by 
Day 112 was depressed. The initial promotion of denitrification by organic fertilizers, 
such as manure and sewage sludge has been shown previously, and has been attributed 
to an increase in OC [116, 191, 195, 207]. Others have shown that maximum 
denitrification typically occurs within 24 to 48 h of application of organic amendments 
[196]. In the present study, Field D had little change immediately after application and a 
significant decrease in denitrification after 7 days. However, by Day 21, denitrification 
was at pre-application levels. Still, by Day 105 in Fields A, B, and C, denitrification was 
significantly reduced. This could be indicating longer-term impacts of biosolids on 
denitrification, similar to some of the results in Chapter 5, or could be an indication that 
field conditions changed significantly between pre-application and Day 105, and as a 
results, denitrification rates changed. 
Very few other studies have examined the impacts of biosolids-derived organic 
contaminants on denitrification. Johansson et al. [208] showed no correlation between 
several anthropogenic compounds measured in biosolids on denitrification capacity. 
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However TCS was not included in the group of compounds examined. Other studies 
that spiked TCS directly into soil or into biosolids that were mixed with soil reported 
inhibition of other microbial function endpoints (i.e., respiration, phosphatase activity, 
and NO3- and NO2- production) at much higher concentrations [35, 177, 178]. The 
significant decreases after Day 105 could also be related to NO3- concentration, as 
discussed in Chapter 5. 
Linear regression analysis was completed to examine any possible links between 
the denitrification profiles of each of the fields and TCS concentration. There were no 
significant correlations between the magnitude of the increase in denitrification rate 
following application or the average decrease in denitrification rate over time and the 
pre, post, and difference between pre and post-biosolids application TCS concentrations. 
There was also no significant correlation between the TCS concentrations and the 
denitrification rates measured immediately after application (Day 1), when all fields 
could be compared directly. 
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Figure 19: Relative denitrification rates measured in 
examination fields before and after biosolids 
application. (*) indicates a significant difference from 
Day 0 (pre-application of biosolids) (p-value ≤ 0.05). 
Values < 1 indicate inhibition of denitrification as 
compared to the Day 0. Error bars represent one 
standard error. 
 
6.3.3.2 Abundance 
The total (16S) and denitrifying (nosZ, nirS, and nirK) bacteria abundances were 
quantified for each field over the extent of the experiment (Figure 20). The range of 
absolute copy numbers of 16S, nirS, nirK, and nosZ per ng of DNA were 2.45 x 102 to 2.64 
x 105, 4.15 x 10-1 to 4.98 x 103, 5.52 x 100 to 5.40 x 103, and 5.94x 10-1 to 7.91 x 104, 
respectively. These values were consistent with Chapter 5 and with a previously 
published study [188]. 
In general, total prokaryote abundance remained the same throughout the 
experiment. This was somewhat consistent with previous studies that showed an 
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increase in heterotrophs via plate count after the application of biosolids , but not 
consistent with another that showed a delayed decrease in biomass due to the addition 
of TCS-spiked biosolids [180, 197]. 
The denitrifying populations followed the general trend of an increase in 
abundance following application, followed by a decrease to significantly lower 
abundances after about Day 100. For all three genes, abundances for Field A remained at 
or above pre-application levels until Day 147, when nosZ was significantly lower. 
Abundances of all three denitrifying genes in Field B were not significantly different 
from the control up to Day 82, but were significantly greater on Day 105 for nosZ and 
nirS and marginally significantly greater for nirK (p-value = 0.056). Abundance of nosZ 
and nirK was then significantly lower on Day 126. Abundances in Field C were 
significantly less than pre-application on Day 68 for all three denitrifying genes. 
However by Day 112 only nirS was marginally significantly lower (p-value = 0.073). 
Lastly, nirK was significantly lower in Field D immediately after biosolids application 
and then rebounded to pre-application levels. Field D nirS and nosZ did not significantly 
change over the extent of the experiment. 
Overall, nirK seemed to be the most impacted by the biosolids application with 
the most relative abundance values significantly or marginally significantly below pre-
application levels (4). Only Days 103 and 105 for Field A and B had values significantly 
greater than pre-application. The increase for Field B at Day 105 was consistent for all 
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three denitrifying genes. Denitrifying genes nosZ and nirS were impacted the second 
most (3 sample days). Only two other studies were found examining microbial 
abundance in response to biosolids application and were described in more detail in 
Chapter 5; one reporting an increase in heterotrophs and one reporting a decrease in 
biomass following biosolids application [180, 197]. 
 
A. 16S. B. nosZ. 
  
C. nirS D. nirK 
  
Figure 20: Relative total bacteria and denitrifier abundance. (*) indicates a significant 
difference from Day 0 (pre-application of biosolids) (p-value ≤ 0.05). (#) indicates a 
significant difference from Day 0 (pre-application of biosolids) (p-value ≤ 0.10). Values 
< 1 indicate a decrease in absolute copy number or ratio of target gene to 16S 
compared to the Day 0.Error bars represent one standard error. 
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6.3.3.3 Diversity 
T-RFLP was used to examine the impacts of TCS in biosolids on total bacteria and the 
denitrifier populations (Figure 21). The number of fragments measured for 16S, nirS, 
nirK, and nosZ ranged from 0 to 154, 0 to 116, 0 to 13, and 3 to 58, respectively. 
For the most part, both the total bacteria and denitrifying population diversity 
remained the same throughout the study period for all four fields. Only the diversity in 
Field A and B for nirK were inhibited. nirK in Field A was significantly inhibited on Day 
103 and in Field B was marginally significantly inhibited on Day 1 and significantly 
inhibited on Day 126. Overall, it appears that diversity of both the total bacteria and 
denitrifiers was not measurably impacted by the addition of biosolids containing TCS. 
This could mean that while the abundance, and even activity, of the denitrifiers were 
inhibited by the application of biosolids, the diversity of these populations remained 
consistent. While data regarding the impacts of biosolids application on soil microbial 
community structure were limited, a few have shown impacts from biosolids 
application. Enwall et al. [116] showed a shift in nosZ communities using denaturing 
gradient gel electrophoresis (DGGE) in soil treated with sewage sludge compared to no 
treatment. TCS, nor any other emerging contaminant, were measured during the 
experiment, and thus were not analyzed for potential impacts. Several studies that 
mimicked biosolids application and spiked TCS directly into the soil or into biosolids 
that were mixed with soil showed a correlation between community shifts and TCS 
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concentration based on carbon utilization and phospholipid fatty acids characteristics 
[35]. 
 
A. 16S. B. nosZ. 
  
C. nirS D. nirK 
  
Figure 21: Relative total bacteria and denitrifier diversity. (*) indicates a significant 
difference from Day 0 (pre-application of biosolids) (p-value ≤ 0.05). (#) indicates a 
significant difference from Day 0 (pre-application of biosolids) (p-value ≤ 0.10). Values 
< 1 indicate a decrease in the number of species compared to the Day 0.Error bars 
represent one standard error. 
 
The convergent, final NMS ordination solution for all four genes is shown in 
Figure 22. The stress of the NMS plot solution for 16S, nosZ, nirS, and nirK were 0.1864, 
0.2693, 0.1591, and 0.1893, respectively, which indicated a relatively strong 
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correspondence between the distances among the points. R values for each axis are 
displayed in parentheses in the axis description of each plot. For all four genes, there 
was not a consistent pattern for the grouping of the field samples. Thus, the impact of 
TCS concentration in biosolids on the denitrifying communities was not apparent. 
 
A. 16S. B. nosZ. 
    
C. nirS D. nirK 
    
Figure 22: NMS ordination of T-RFLP data. 
 
6.3.4 Method Correlation 
The activity, abundance, and diversity yielded varying results in regard to application of 
‘traditional’ biosolids containing TCS. As in Chapter 5, correlations between activity, 
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abundance, and diversity were developed using linear regression analysis (Table 8). 
Unlike in Chapter 5, no significant correlations were found between the DEA assay and 
qPCR. The only significant correlation was between nosZ diversity and activity (DEA 
assay). In addition, linear regression analysis was used to determine if TKN had any 
impacts on activity, diversity, or abundance. However, no significant correlations were 
found. This was somewhat expected because, as shown in Chapter 5, NO3- 
concentrations play a more significant role in denitrification. 
 
Table 7: Linear correlation between methods used to analyze field denitrification. 
Method A (X) Method B (Y) F-Statistic R p-value Intercept Slope 
qPCR 16S DEA 0.288 -0.209 0.599 1.26 -0.202 
qPCR nirS DEA 0.039 -0.245 0.845 0.990 0.056 
qPCR nirK DEA 0.407 -0.190 0.533 0.855 0.221 
qPCR nosZ DEA 0.070 -0.241 0.795 0.959 0.098 
T-RFLP 16S DEA 0.001 -0.248 0.972 1.05 -0.003 
T-RFLP nirS DEA 0.099 -0.237 0.758 0.972 0.080 
T-RFLP nirK DEA 0.305 -0.207 0.588 1.13 -0.058 
T-RFLP nosZ DEA 5.43 0.455 0.033* 2.04 -1.06 
qPCR 16S T-RFLP 16S 1.88 0.221 0.189 0.149 1.39 
qPCR nirS T-RFLP nirS 0.796 -0.110 0.386 0.711 0.241 
qPCR nirK T-RFLP nirK 0.751 -0.122 0.399 2.03 -0.695 
qPCR nosZ T-RFLP nosZ 0.019 -0.247 0.891 0.959 -0.025 
(*) indicates a significant difference from 0 (p-value ≤ 0.05). 
 
6.3.5 Implications of Biosolids Application 
As expected, the results presented in this pilot field study reflected the complexity of the 
system that was analyzed and many more samples, which account for variables 
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including, but not limited to soil characteristics, biosolids characteristics, biosolids 
application rates, and chemical composition and quantities, would be needed to show 
any statistically significant differences. However, the main objective of this study was to 
determine if a larger, more extensive study should be completed. With that in mind, 
several key results were obtained. The long-term inhibition of denitrification was 
observed using the DEA assay. However, the inhibition observed after about Day 100 
could be due to exhaustion of resources, such as NO3-, or significant changes in the local 
environment. Unfortunately, NO3-, and NO2-, were not measured, and as expected TKN 
showed no correlation with activity, or abundance and diversity.  Increased inhibition 
over the extent of the study period was observed for denitrifier abundance, suggesting 
that impacts measured by activity may be delayed compared to the density of the 
denitrifying populations. Little to no inhibition was observed when examining the 
relative number of denitrifying species. Thus, while the abundance of denitrifiers was 
reduced, and denitrification was eventually depressed, the number of species in the soil 
remained constant. 
As described in Chapter 5, a denitrification inhibition score was calculated for 
each time point and presented in Figure 23. The score for Day 1 was not included in 
Figure 23, but had a denitrification inhibition score of 0 out of 28 analyses, indicating no 
inhibition. Each field was measured on Day 1, which resulted 4 times the total analyses 
than the other sample days. Each of the days presented in Figure 23 have a maximum 
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score of 7, which corresponds to the 7 analyses completed on each day (DEA assay and 3 
genes each for qPCR and T-RFLP; one field per day) and to maximum inhibition. 
Therefore, -7 is the minimum score representing maximum stimulation. Overall, the 
denitrification inhibition scores showed slight inhibition over time, with the exception of 
Days 30 and 103, which correspond to samples taken from Fields C and A, respectively. 
Overall, these data indicate that the application of biosolids resulted in slight inhibition 
of denitrification that was sustained up to 150 days following application. However, 
these data do not indicate whether the TCS in the biosolids was leading to the inhibition. 
Also, because the samples were not taken on the same days following biosolids 
application, a more robust analysis of TCS concentration and denitrifying function and 
community structure could not be completed. In addition, any of the impacts observed 
in this study could be a result of another, or group of other compounds in the biosolids 
that had similar chemical characteristics to TCS. For example, the longer-term inhibition 
indicates that if a compound was resulting in the inhibition observed, the compound 
was likely not soluble. Nevertheless, the results in this study show potential negative 
impacts of applying biosolids containing TCS to soil denitrifying bacteria community 
structure and function. Because denitrification plays an integral part in overall quality 
and health, a more extensive study examining these impacts is recommended. 
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Figure 23: Denitrification inhibition score for 
field biosolids application. 
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7. Conclusions and Engineering Significance 
Overall, the results presented in this dissertation provide a systematic evaluation of the 
effects of biosolids-derived antimicrobial agents on agricultural soil microbial ecology. 
First, it was demonstrated that denitrification could be used as an indicator of biosolids-
derived antimicrobial agent ecotoxicity. The denitrification assay that was developed 
was then used to analyze ecotoxicological potential of six emerging biosolids-derived 
antimicrobial agents, and found inhibition of denitrification at environmentally relevant 
concentrations. The most widely used antimicrobial agent, TCS, was further shown to 
inhibit wastewater treatment processes, as well as denitrification in simulated 
agricultural conditions after being aged with and directly spiked into biosolids. In 
addition, evidence showing potential inhibition of denitrification under field conditions 
by biosolids addition was also obtained. Based on these results, this dissertation asserts 
that biosolids-derived TCS poses a potential risk to wastewater treatment processes and 
agricultural soil microbial denitrifiers, which could be an indication of broader impacts 
on overall microbial and soil health. 
 
7.1 Key Findings 
There were five main conclusions drawn from this dissertation, which correspond to the 
main objectives. 
 
 165 
Conclusion 1: Denitrification is a potential indicator of ecotoxicity for biosolids-
derived emerging organic contaminants. 
As shown in Chapter 3, rapid, high-throughput method to evaluate the ecotoxicity of 
biosolids-derived antimicrobial agents was developed. The assay developed measured 
denitrification inhibition in a model denitrifier, Paracoccus denitrificans Pd1222. Two 
common (TCS and triclocarban) and four emerging (2,4,5 trichlorophenol, 2-Benzyl-4-
chlorophenol, 2-chloro-4-phenylphenol, and Bis(5-chloro-2-hydroxyphenyl)methane) 
antimicrobial agents found in biosolids were then analyzed using the assay. Overall, the 
assay was reproducible and measured impacts on denitrification over three orders of 
magnitude exposure. Compared with gene expression and cell viability based methods, 
the denitrification assay was more sensitive and resulted in lower LOAECs. The 
increased sensitivity, low cost and high-throughput adaptability made this method an 
attractive alternative for meeting the initial testing regulatory framework for the Federal 
Insecticide, Fungicide, and Rodenticide Act, and recommended for the Toxic Substances 
Control Act, in determining the ecotoxicity of biosolids-derived emerging contaminants. 
In addition, this assay has the potential to be expanded to more complex media that 
better simulate biosolids and soil, other functional endpoints that can indicate soil 
health, and other ecologically important organisms or groups of organisms. 
 
 166 
Conclusion 2: Four of the six antimicrobial agents examined were found to inhibit 
denitrification at environmentally relevant concentrations. 
Also shown in Chapter 3, the lowest observable adverse effect concentrations (LOAECs) 
measured on the target compounds using the developed assay were 1.04 μM for TCS, 
3.17 μM for triclocarban, 0.372 μM for bis-(5-chloro-2-hydroxyphenyl)methane, 4.89 μM 
for 2-Chloro-4-phenyl phenol, 45.7 μM for 2-benzyl-4-chorophenol, and 50.6 μM for 
2,4,5-trichlorophenol. Five out of the six compounds have been found at or near the 
LOAECs in the environment. TCS, has been measured in water and wastewater up to 
1.94 μM [22, 141], estimated in pore water of sediment and biosolids amended soil up to 
1.32 μM [58], and measured in biosolids collected from several different WWTPs at 
concentrations as high as 113 mg/kg dry weight [17, 21, 23, 32, 50-53]. While the LOAEC 
for TCS in the study is slightly below the aqueous concentrations found in the 
environment, the LOAEC calculated on a dry weight basis, 4.19 g/kg, was much greater 
than the concentrations found in biosolids, which was likely a reflection of differences in 
sample solids content. Triclocarban has been measured in water and wastewater up to 
0.022 μM [57], estimated in sediment and biosolids amended soil pore space up to 0.867 
μM [58], and measured in biosolids up to 441 mg/kg dry [51, 53, 54, 59]. The LOAEC for 
triclocarban is within one order of magnitude of environmental aqueous concentrations. 
On a dry weight basis, the LOAEC (14.0 g/kg) was much greater than the concentrations 
found in biosolids, but again was likely due to differences in sample solids content. 
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Bis(5-chloro-2-hydroxyphenyl)methane was found in anaerobically digested sludge at 
concentrations up to 0.52 μM, which was within an order of magnitude of the LOAEC 
for P. denitrificans PD1222 [20]. Similarly, 2-benzyl-4-chlorophenol was found in 
wastewater influent at 0.89 μM, which is also within an order of magnitude of the 
LOAEC for P. denitrificans PD1222. 
 
Conclusion 3: Biological nitrogen removal and microbial communities were impacted 
in SBRs coupled with anaerobic digesters by the addition of TCS in the influent. 
The work completed in Chapter 4 showed that biological processes associated with 
nitrogen removal (nitrification and denitrification), were impacted by TCS entering the 
SBRs regardless of the starting microbial community. Both of the SBRs that were not 
receiving TCS reached steady-state at greater than 92% NH4+, removal within the first 
week of operation, whereas the SBRs receiving TCS took 42 and 63 days to reach steady-
state removal at that level. However, while NH4+ removal was temporarily inhibited, 
elevated levels of NO3-and NO2- in the effluent of the TCS fed SBRs, suggest longer-term 
impacts on NOB and denitrifiers. After Day 58, the NO3- effluent concentration for the 
SBRs receiving TCS was 3.9 ± 0.16 mg/L, which was 2.4 times greater than the NO3- 
effluent of the controls (1.7 ± 0.08 mg/L). Similarly, after Day 58, the NO2- effluent of the 
SBRs receiving TCS reached a steady-state concentration of 8.7 ± 0.75 mg/L. The mean 
NO2- concentration of the controls after Day 58 was 7.7 times lower at 1.1 ± 0.78 mg/L, 
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but was still trending towards 0 when the reactors were stopped. No inhibition was 
observed for COD and PO43- removal. 
 
Conclusion 4: TCS in aged and spiked biosolids negatively impacts denitrifying 
bacteria community structure and function in soil. 
The containers with plants that received biosolids aged with and spiked with TCS 
showed potential long-term inhibition based on measurement of soil denitrifying 
activity at 26.9 ± 4.6 μg/kg and 68.6 ± 26.9 μg/kg of TCS, respectively. Denitrifier 
abundance and diversity, however, were more sensitive to TCS in biosolids and 
inhibition was observed throughout the experiment, with maximum inhibition from 
Day 1 to 28. Inhibition of denitrifier abundance and diversity was observed at TCS 
concentrations as low as 17.9 ± 1.93 μg/L, which was approximately 10 to 3,000 times 
lower than concentrations reported by other studies that showed impacts on other 
functional endpoints (i.e., respiration, phosphatase activity, NO3- and NO2- production, 
and Cy17 stress biomarker abundance), even after taking pH into account. Five 
significant correlations were developed, three of which related qPCR and the DEA 
assay, or abundance and activity. However, the analyses that were correlated did not 
yield the same results as far as significant inhibition in the presence of TCS. Thus, while 
the results suggested some relatedness between activity, abundance, and diversity, the 
results generally support the use of multiple methods to determine the ecotoxicity of 
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biosolids-derived organic contaminants. As a result, a denitrification inhibition score 
was developed that took into account all three methods to estimate the overall potential 
ecotoxicity of TCS in biosolids. Overall, the denitrification inhibition score showed that 
denitrification was inhibited by both biosolids that were aged and spiked with TCS over 
the extent of the 84 day experiment, but maximum inhibition occurred after one week 
and up to approximately one month. While the denitrification inhibition score indicated 
that the TCS in the biosolids aged with TCS was less bioavailable than in the spiked 
biosolids, the impacts of the aged and spiked biosolids could have also been due to 
differences in TCS concentrations. 
 
Conclusion 5: Field-applied biosolids may have potential negative impacts on 
denitrifying bacterial communities. 
As expected, the results presented in the pilot field study (Chapter 6) were more 
complex than those obtained under laboratory conditions (Chapter 5). First, because the 
TCS concentrations prior to and immediately after biosolids application were not 
significantly different, any inhibition in denitrification could not be correlated to the 
addition of TCS through biosolids application. However, potential long-term inhibition 
of denitrification by the addition of biosolids was still observed using the DEA assay, 
however the effects of exhaustion of resources, such as NO3-, or significant changes in 
the local environment could not be verified. Inhibition over the extent of the study 
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period was further observed for denitrifier abundance, but little to no inhibition was 
observed when examining the relative number of denitrifying species. Thus, while the 
abundance of denitrifiers was reduced, and denitrification was eventually depressed, 
the number of species in the soil remained relatively constant. The denitrification 
inhibition score, which took all three measurements into account, showed inhibition 
over time, with the exception of the measurements on Days 30 and 103. NMS 
ordinations showed no obvious groupings of the field samples, and thus, no association 
between the microbial communities and TCS concentration accumulated in the soil. 
Overall, any of the impacts observed in this study could be a result of characteristics of 
the biosolids, or if it was from a chemical within the biosolids, could be another, or 
group of other compounds in the biosolids that had similar chemical characteristics to 
TCS. For example, the longer-term inhibition indicates that if a compound was resulting 
in the inhibition observed, the compound was likely not soluble. Because of the 
complexity of the soil and biosolids and because of the myriad of contaminants likely in 
the biosolids, the results may not be significant and a more in-depth study was 
recommended. 
 
7.2 Recommendations and Future Work 
Broadly speaking, the results in this dissertation provide evidence for improved 
regulations and best management practices regarding; 1) environmental safety testing of 
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new compounds before marketing, 2) the use of similar, currently available compounds, 
3) wastewater treatment to remove novel organic compounds from biosolids, and 4) 
general application rates of biosolids to avoid soil impairment. Improving regulations 
and practices in these four areas would provide a cradle to grave approach for dealing 
with new, potentially harmful compounds, especially those used in consumer products, 
which may accumulate in biosolids. While increased restrictions would undoubtedly 
result in increased costs for research and development of new compounds, as well as 
treatment and application strategies, continued investment in improving the quality of 
biosolids could be offset by the reduced use of synthetic fertilizers and the avoidance of 
alternative, often expensive reclamation means. Furthermore, human and environmental 
health costs associated with the production and use of synthetic fertilizers, and even 
manure from livestock, would also be saved [209-213]. In the end, maintaining biosolids 
as a low-cost alternative to synthetic fertilizers would benefit all farmers in the form of 
upfront costs and improved product quality. 
In addition, several more specific recommendations were generated.  The 
research recommendations listed in this section were not necessarily placed in order of 
highest priority to lowest priority. However, attempts should be made to address these 
recommendations carefully and expeditiously due the potential implications of their 
conclusions. 
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 Potential standards or removal processes should be examined to avoid inhibition 
of ecologically sensitive microbial communities by TCS. Based on the results 
presented herein, wastewater influent concentrations would need to be 
maintained below 0.73 μM and soil concentrations below 16 μg/kg. However, 
because an effect on treatment efficiencies has not been observed at actual 
wastewater treatment plants, the continued addition of TCS in the influent to a 
wastewater treatment plant may be selecting for resistant bacteria. This in itself is 
cause for concern and should be examined further. Further work should also be 
completed to determine the acceptable level of inhibition in regard to wastewater 
treatment processes and soil microbial processes (i.e., denitrification) in the 
presence of TCS and other emerging contaminants. 
 The remaining 500 + contaminants already found in biosolids should be analyzed 
using the denitrification assay developed in this dissertation. Chemicals that 
result in significant inhibition of denitrification at concentrations lower than or 
near environmental concentrations should be flagged as having potential 
ecological impacts. In addition, manufacturers and researchers should use the 
denitrification assay to determine the potential ecological impacts of new 
chemicals, especially those not yet used by consumers. Modifications of the 
assay, so that it better reflects environmental conditions (e.g., the addition of 
standard soil), could be used to determine the environmental relevancy when no 
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environmental data exists. Contaminants flagged using the DEA assay should 
then be examined further under using laboratory-generated biosolids aged with 
the target compound and conditions mimicking agricultural field conditions. 
 The denitrification assay developed in this study should be adapted to other 
ecologically important end-functions, as well as with other model organisms and 
groups of organisms. This and previous studies have shown that ecological 
impacts vary by the functional endpoint examined and analytical method used. 
 Future studies examining the impact of contaminants on baseline wastewater 
processes should add the contaminant with the influent. Many of the emerging 
contaminants are already present in the influent and spiked studies do not 
adequately represent this loading scheme. 
 This study can be used as an approach guideline for generating laboratory 
biosolids aged with a target compound. Future studies examining the impact of 
biosolids-derived contaminants should consider using laboratory-generated 
biosolids aged with the target compound. However, further chemical analyses 
should be completed to determine the persistence of the chemical in the SBRs. In 
addition, the volume of inoculum used for the anaerobic digesters should be 
minimized. It is also recommended that future studies attempt to quantify the 
bioavailability differences between the generated biosolids and when the 
compound is spiked directly into the biosolids. 
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 The role the microbial community plays in the bioavailability of TCS should be 
examined. This and previous studies have shown inhibition of microbial activity 
when bioavailability should be reduced due to adsorption. 
 A more in-depth, extensive study should be completed to determine the impacts 
TCS on soil microbial communities under field conditions. The results presented 
in this dissertation indicate potential inhibition of denitrifying bacteria. 
However, more data regarding soil characteristics and microbial community 
characteristics tracked over time is needed to verify the significance of the 
correlation. In addition, several fields receiving varying amounts of TCS in the 
biosolids needs to be examined to evaluate a dose-response. Lastly, 
measurements for each field should be made over the same time increments, so 
differences in denitrification can be compared. 
 Improved primers or alternative methods (e.g., genomic sequencing) should be 
used to quantify the diversity of denitrifiers containing the nirK gene. 
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Appendix A – Chapter 3 Supplemental Information 
The following appendix contains the supplemental information for Chapter 3. 
 
A.1 Nitrate and Ammonium Measurements 
To close the nitrogen mass balance, NO3- and NH4+ were also measured. A modified 
version of the phenate method (Section 4500 of the Standard Methods for the 
Examination of Water and Wastewater) was used to measure NH4+[163]. Briefly, 200 μL 
of sample was added to a 96 well plate. Again, a standard curve ranging from 0 to 10 
mg/L as NH4+ was developed by serially diluting a stock of (NH4)2SO4 in modified MM. 
To each well, 10 μL of phenate solution, 10 μL of sodium nitroprusside, and 20 μL of 
oxidizing solution were added. After each solution was added, the plate was shaken for 
10 s at 1,500 rpm. The plate was then covered with aluminum foil and incubated at room 
temperature (~21 °C) for 30 min. The plate was then shaken again and incubated for an 
additional 30 min. After the second incubation, the plate was shaken one last time and 
OD620 was measured. NO3- was quantified using a Dionex DX120 Ion Chromatographer 
(IC) with an Ionex IonPac® AS22 column and NG2 guard, and an ASRS® suppressor 
(Dionex Global, Sunnyvale, CA). The eluent used consisted of 0.45 M carbonate and 0.13 
M bicarbonate in DI water. Five hundred μL samples were collected and transferred to 
new, sterile 1.5 mL centrifuge tubes and stored at 4 °C for up to 48 h prior to analysis. 
Prior to IC analysis, each sample was diluted (1/5) in autoclaved DI water in 0.75 mL IC 
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vials (Sun SCI, Rockwood, TN). The vials were capped and vortexed for 5 s. To 
determine concentrations, a standard curve was prepared (0 to 25 mg/L as NO3-) by 
serially diluting stock KNO3 made in modified MM. Analysis was carried out on the IC 
with an eluent flowrate of 1.0 mL/min and a residence time of 20 min. 
 
A.2 Emerging Contaminants 
Initially, the focus of the research in Chapter 3 was on a broader range of emerging 
contaminants, including pharmaceuticals, surfactants, and disinfectants. Denitrification 
by P. denitrificans PD1222 was measured in the presence of Ibuprofen (pharmaceutically 
active compound) [214, 215], naproxen (pharmaceutically active compounds, a.k.a., 
Aleve) [216-221] and 4-nonylphenol (surfactant) [6]. These compounds were originally 
selected because they had been measured in biosolids and covered a wide range of 
chemical properties important to their environmental fate. Figure 24 shows that of the 
three compounds, inhibition of denitrification was only observed for the highest 
concentrations of ibuprofen and 4-nonylphenol tested.  
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Figure 24: The effects of various emerging contaminants on 
denitrification. (*) indicates a statistical significant differnce from the 
control (p-value ≤ 0.05. Values <1 indicate inhibition of denitrification as 
complared to the control. Negative values correspond to a decrease in 
cell number when denitrification was completely inhibited. Error bars 
represent one standard error. 
 
In an early attempt to narrow the target scope, the impacts on denitrification of 
two sets of common household disinfectant classes were tested, quaternary ammonium 
compounds (QACs), which are cationic surfactants used as disinfectant, several phenols, 
and chlorinated phenols, and triclocarban. The QACs examined were 
didecyldimethylammonium bromide (DDAB, CAS 2390-68-3), 
tetradecyltrimethylammonium chloride (TTAC, CAS 4574-04-3), 
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benzyldimethyltetradecylammonium chloride (BDAC, CAS 139-08-2), and 
cetylpyridinium (Cet, CAS 6004-24-6). The concentrations of DDAB, TTAC, BDAC, and 
Cet were 245, 343, 368, and 279 μM, respectively. As shown in Figure 25, all four of the 
QACs tested, resulted in complete inhibition of denitrification. Unfortunately, because 
of analytical limitations, the QACs were not pursued further. 
 
 
Figure 25: The effects of several QACs on denitrification by P. 
denitrificans PD1222. (*) indicates a statistical significant differnce from 
the control (p-value ≤ 0.05. Values <1 indicate inhibition of denitrification 
as complared to the control. Error bars represent one standard error. 
 
All of the phenols and chlorinated phenols and triclocarban that were tested can 
be seen in Table 9. Figure 26 shows the results of the inhibition experiments. Figure 26 
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suggests that inhibition of denitrification occurred at lower concentrations as the 
number of benzene rings increased, as well as, the number of chlorine functional groups 
increased. Six of the compounds in Figure 26 significantly inhibited denitrification at 
concentrations around 50 μM or less. These included TCS, triclocarban, 2,4,5-
trichlorophenol, 2-chloro-4-phenylphenol, bis(5-chloro-2-hydroxyphenyl)methane, and 
2-benzyl-4-chorophenol, and therefore, were selected as the target compounds in 
Chapter 3. 
 
Table 8: List of phenols and chlorinated phenols examined in preliminary 
experiments. 
Abbreviation Name CAS 
2C4PP 2-chloro-4-phenylphenol 92-04-6 
TCP 2,4,5-trichlorophenol 95-95-4 
24DCP 2,4-dichlorophenol 120-83-2 
B5C2HM Bis(5-chloro-2-hydroxyphenyl)methane 97-23-4 
2B4C 2-benzyl-4-chlorophenol 120-32-1 
2P 2-phenylphenol 90-43-7 
Thymol (2-isopropyl-5-methylphenol) 89-83-8 
CHX Chloroxylenol (4-chloro-3,5-dimethylphenol) 88-04-0 
TCC Triclocarban (3,4,’-trichloro-carbanilide) 101-20-2 
TCS Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol 3380-34-5 
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Figure 26: Relative denitrification rate in the presence of triclocarban and 
selected phenols and chlorinated phenols. (*) indicates a statistical significant 
differnce from the control (p-value ≤ 0.05), (@ indicates a marginal statistical 
significant difference from the control (p-value ≤ 0.06), and (#) indicates a weak 
statistical significant difference from the control (p-value ≤ 0.15). Values <1 
indicate inhibition of denitrification as complared to the control. Negative 
values correspond to a decrease in cell number when denitrification was 
completely inhibited. Error bars represent one standard error. 
 
To determine if there were any differences in the efficacy of denitrification 
inhibition, four strains of model denitrifiers, Paracoccus denitrificans PD122 and 
Pseudomonas stutzeri JM300, Zobell, and DSM 50238 were exposed to 1.86 μM of Bis(5-
chloro-2-hydroxyphenyl)methane. These cultures were obtained from Dr. Andrzej J. 
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Paszczynski of the University of Idaho (Moscow, Idaho). Figure 27 shows that the 
denitrification rate was only significantly inhibited for P. denitrificans PD1222 and not for 
the others. This may be due to natural resistance to bis(5-chloro-2-
hydroxyphenyl)methane. Escalade et al. [70] demonstrated that Pseudomonas sp. Was 
resistant to TCS, a compound, which is chemically and physically similar to bis(5-chloro-
2-hydroxyphenyl)methane. This supported the selection of this species as an indicator 
species of denitrification that was most vulnerable to contaminant exposure.  
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Figure 27: Relative denitrification for four species of denitrifiers 
exposed to Bis(5-chloro-2-hydroxyphenyl)methane. (*) indicates a 
statistical significant differnce from the control (p-value ≤ 0.05. Values <1 
indicate inhibition of denitrification as complared to the control. Error 
bars represent one standard error. 
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Appendix B – Chapter 5 Supplemental Information 
The following appendix contains the supplemental information for Chapter 5. 
 
B.1 qPCR Primer Optimization 
Preliminary tests were completed to optimize the annealing temperature of the qPCR 
primers and to verify that touchdown PCR conditions were not needed. Conditions for 
qPCR were 95 °C for 10 min, followed by 45 cycles at 95 °C for 30 s, 1 min at the 
respective annealing temperatures, 30 s at 72 °C, and dissociation curve to asses the 
quality of the primers. Touchdown PCR conditions were previous published for nirS 
[188], nirK [86], nosZ (NosZ1) [189]. Annealing temperatures from 55 to 63 °C were 
examined. For initial assessment, 5 μL of PCR product from each annealing temperature 
and touchdown reaction were run on a 1.5% agarose gel also stained with ethidium 
bromide. The most intense single bands at the expected size with the least streaking 
were further analyzed on a 2% agarose gel, also stained with ethidium bromide. The 
expected size bands for nirS, nirK, and nosZ were 425, 164, and 259, respectively. The 
primers corresponding to the most intense single band without streaking from the 
second gel were selected for qPCR. 
Figure 28 shows the amplification products of the nosZ primers for the various 
conditions. All bands, where present, were at the correct size. The second gel was run 
for annealing temperatures 55, 56, 57, and 63 °C and touchdown PCR, but the picture 
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was not saved properly. Nevertheless, the annealing temperature of 55°C resulted in the 
most intense band with no streaking, and was selected for qPCR analysis. Interestingly, 
no amplicon was detected using the previously published touchdown conditions.  
Similar analyses were carried out for the nirS and nirK primers and shown in 
Figures 29 and 30. In both cases, the annealing temperature of 55°C also resulted in the 
most intense bands with the least streaking, and were selected for qPCR analysis. Again, 
no band was obtained with the nirS primers using the published touchdown PCR 
conditions. Touchdown conditions for the nirK primers yielded a band, however, the 
band was less intense than obtained with 55°C annealing temperature. In addition, a 
55°C annealing temperature was also selected for nirK in order to keep the procedures 
for all three denitrifying genes consistent. 
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Figure 28: nosZ qPCR primer 
optimization. 
 
A. 1.5% agarose gel. B. 2% agarose gel. 
  
Figure 29: nirS qPCR primer optimization. 
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A. 1.5% agarose gel. B. 2% agarose gel. 
  
Figure 30: nirK qPCR primer optimization. 
 
B.2 NMS Ordination Plots 
The NMS ordination plots completed in Chapter 5 are presented in Figure 31.  
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A. 16S. B. nosZ. 
  
C. nirS D. nirK 
  
Figure 31: NMS ordination of growth-chamber T-RFLP data. 
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